NIELS BOHR INSTITUTE
UNIVERSITY OF
COPENHAGEN .

Experimental Physics at Lepton Colliders

CERN Summer Student Lecture, 2019

Lecture 1

Mogens Dam

Niels Bohr Institute, Copenhagen

Mogens Dam / NBI Copenhagen



Physics at (Future) Lepton Colliders

¢ Lecture 1 (Wednesday 31 July, 9:15)
a Introduction: Why Lepton Colliders ?
0 Where we stand: Status of the Standard Model
o An experimental strategy for the future: e*e” colliders
o Precision Higgs Physics
o Rounding off: Summary and Conclusions

s Lecture 2 (Thursday 1 August, 10:25)
0 Electroweak Precision Physics: FCC-ee
o High Energy e*e"Physics: CLIC
a Thinking out of the box: Muon colliders
o Rounding off: Summary and Conclusions
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Introduction:
Why Lepton colliders ?
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pp collisions vs. e*e collisions (1)
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H
p . — €
p-p collisions e*e collisions
Proton is compound object e*/e are point-like
—> Initial state not known event-by-event —> Initial state well defined (E, p), polarisation
—> Limits achievable precision —> High-precision measurements
High rates of QCD backgrounds Clean experimental environment
—> Complex triggering schemes —> Trigger-less readout
—> High levels of radiation —> Low radiation levels
High cross-sections for colored-states Superior sensitivity for electro-weak states
High-energy circular pp colliders feasible - At lower energies (< 350 GeV), circular ete”

colliders can deliver very large luminosities.
- Higher energy e*e  requires linear collider.
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pp collisions vs. e*e” collisions (2)
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ete  events are “clean”
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ete™ collisions (1)
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o Final state is clean and cosy, triggering is easy (100% efficient)
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+ No huge QCD cross section: All events are signal.
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ete™ collisions (2)

+ Electrons are leptons, i.e., elementary particles: no underlying event
o Final state has known energy and momentum: (1/s, o, o, 0)

+ Example: an ete- — W+*W- — qqqq candidate
0 Four jets in the event and nothing else
0 Total energy and momentum are conserved
«E,+E,+Ej+ E4=\/s
5 PVE+ PRVE 4 P4 P XY= 0
o Jet directions (B; = pi/E;) are very well measured

1 /11 o s TRl Rk
B B, B Bi | E 0
BB BB E ] o
BB B B E || o

0 Jet energies (and di-jet masses, myy) determined analytically by inverting the matrix
+ No systematic uncertainty related to jet energy calibration
= Alot of Z are available anyway to calibrate and align everything
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A look the rear mirror...

+ Historic overview over important discoveries

Year Discovery Experiment Vs [GeV] Observation
1 c quark e*e ring (SLAC) 3.1 o(ete  —J/¥)
974 (Mm~1.5 GeV) Fixed target (BNL) 8 JIV—-pru
1 T lepton e*e’ring 8 ete - T'T
975 (m=1.777 GeV) (SPEAR/SLAC) el events
b quark : .
1977 (M=4.5 GeV) Fixed target (FNAL) 25 Y — p'u
gluon e*e’ring e*e’ — qqg
1979 (m =0) (PETRA/DESY) 30 Three-jet events
W, Z pp ring W — &V
1983 (M ~ 80, 91 GeV) (SPS/CERN) 900 y ALY
108 Three neutrino e*e’ring ) Z-boson lineshape
9°9 generations (LEP/CERN) 9 measurement
t quark pf) ring Two semileptonic
1995 (m=173 GeV) (Tevatron/FNAL) 1960 t-quark decays
Higgs boson pp ring H— vy,
2012 (M=125 GeV) (LHC/CERN) Eooe H—Z"Z— 48
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Indirect evidence from Precision Measurements

+ Top quark
0 1990-1994: Mass predicted from quantum loops
= Mygo(pred.) = 178.0 £ 10 GeV
0 1995: Discovered at the Tevatron (DG, CDF) \/
+ Today: my,,(0bs.) =173.23% 0.7 GeV

+ Higgs boson
0 1996-2011: Mass predicted from quantum loops
+ Myjggs(pred.) = 98 *%5 ,, GeV
0 2012: Discovery at the LHC (ATLAS, CMS)
+ Today: my;ggs(0bs.) = 125.09 * 0.24 GeV \/

+ Lesson:

o Precision measurements interpreted via quantum loop
corrections can give very strong constraints on particles

at higher masses than what can be directly probed!
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LEP and the Rise of Precison

+ 27 km circumference e*e" collider
o “LEP tunnel”, now “LHC tunnel”

+ 1989-1995: Operation as Z factory at v/s = 91 GeV

0 1989: Only three species of light, active neutrinos:

and v,

Ver Vs

+ e*e"— Z — hadrons at LEP1; measurement of the Z
boson lineshape

0 After 5 years at LEPa: per-mille level precision = 2
N, =2.984 + 0.008 DE ;0 ALEPH ',
DELPHI
7 =2495.2 + 2.3 MeV L3
mz = 91187.5 * 2.1 MeV 20| OPAL *
:+ average measurements, \\
0ls= 0.1190 * 0.0025 ittt ikl A\
¢ 1996-2000: Operation at WW threshold and above : ‘ N\
o W mass //
0 Higgs search 08688 o0 92 o4
+ Just missed it... En [GeV]
10
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Why precision measurements are interesting

+ Electroweak observables can be calculated / predicted with precision

o They are sensitive to heavier particles through quantum corrections

f f

2
0.0006 x (ln iJioe §)
my;, 6

[small correction]

Tree level

+ Example: 'z = 'z x (12+Ap)

80 5 March2O1IZ : ! |
[CJLHC excluded

m?2 m2 5 ]
Ap = 0.0020 x —2t — 0.0006 x (ln —g{ — —) + ... — LEP2 and Tevatron
miy my 6 ! - LEP1 and SLD

68% CL

>

- - S 80.4-
+ Similarly, m?y, = m?; cos20,*"" (1+Ap) O,
(sin20y*" from, e.g., asymmetries) E§

- -

g | PR —
. _ - 8031
+ Precict my and my,, from Z measurements - — -~ 1134 30
155 175 195
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Precison measurements

» With my,,, my and my known, the Standard Model has nowhere to go

; B 1 1 I I | 1 I 1 I | 1 1 I 1 | I : 1 1 I I I 1 1 1 I 1 J;
) — 68% and 95% CL contours m, comb. = 1o -
(O] - - m, =172.47 GeV —
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80.45 — ]
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80.4 — C
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0 Within current precision direct and indirect constraints are consistent
+ No evidence for the need for BSM physics
o But what if measurements precisions were improved ?
+ Strong incentive to significantly improve the precision of all measurement
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Where we stand:
Status of the Standard Model
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"The"” Higgs

> - > b ' LR | ' rrrrTr b |
& mmivi  ATLAS € 1 ATLAS and CMS
9 f m,=124.3 GeV (it H—ZZ"—4l x - LHC Run 1
T 35 W () \s=7TeV |Ldt=4.6fb" . -
< r [ Background Z, ZZ ‘ =
o _ s=8TeV [Ldt=20.7fb" o
C [ Background Z+jets, tf w 10'F |
30 %% Syst.Unc. = |z :
C J :
25
- 2| i
20 107 -
C 2%
1sE I } ATLAS/CMS |
- 1 1 SM Higgs boson |
101 : — [M, g] fit
- } ) ' I 68% CL
5F | b gl [ 195%CL
l 10—4 1 1 —:
0 L L ] 1 ] 1 1 “_1 o AL — >
100 150 200 250 10 1 10 10
m, [GeV] Particle mass [GeV]

...and to current precision, looks
pretty Standard Model like

Discorered at the LHC in 2012...

o But is the current precision “good enough” ?
+ At which level (if any) do we expect deviations from SM predictions to appear?
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BSM Searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATL/

March 2019 Status: May 2019 f.C dt = (32-139) fb!
Model Signature  [Ldr (7] Mass limit iss [ 4o - .
9 L Model Ly Jetsi ET** [raqm) Limit
4, 4q%) Oep  26jets 36.1 155 m(i})<100GeV T T T
g mono-jet  1-3jets 36.1 m(g)-mit})=5GeV ADD Gkk + 8/q Oep 1-4]  Yes 361 |Mp 7.7 TeV n=2
0 ADD non-resonant yy 2y - - 37 [Ms 86TeV  n=3HZNLO
28, §-qaY Oe, 26 jets 36.1 20 1)<200GeV
g &8 gt H i o0 it g ADD QBH - 2j - 370 [Ma n
N e fets s ADD BH high 3 pr len 22 - 32 |Ma 82TeV.  n=6.Mp=3TeV,rotBH
[ DR S W“-‘*“‘ 218‘5 ig-' ; - 185 mi()<800GeV ADD BH multijet - >3j - 36 My 9.55TeV. n =6 My = 3TeV, 10t BH
2 N ) ! - . Em)=50GeV RS1 Gk = 7y 2y - - 367 |Gucmass a1Tev K/Rip =01
B g, goqqWZE) Oep 71 jets  Ep 36.1 I3 18 m(r'.‘”y <400GeV Bulk RS Gkx — WW/2Z multi-channel 36.1 Gk mass 2.3TeV k/Mpy = 1.0
§ Bep 4jets 36.1 z 0.98 m(&)-m(¥})=200 GeV Bulk RS Gkx — WW — qqqq Oen 2J - 139 | Gk mass 1.6 TeV k/Mp =10
= g gt 0lep 3ap B 798 & 225 m(i)<200GeV Bulk RS gik — tt Teu 21b21020 Yos 361 | mass 38TeV /m=15%
3en 4ets 361 | & 125 m(@)m(¥!)=300 GeV 2UED/ RPP lepu 22b23j Yes 361 |Kkmass 1.8TeV. Tier (1.1), BAM) — ¢r) =1
Py ; ' 2ep - - 139 [zmass 51TeV
Byby, byt /i Multiple 361 | b Forbidden 0.9 m(F)=300 Gel SSM Z' — (t
o Multiple 3.1 | b Forbidden 0.58-0.82 100 GeV, BR(E) SSM 2/ - 7 27 - - 361 |Zmass 2427TeV
Multiple 36.1 b bidden 07 Leptophobic 2" — bb - 2b - 36.1 2’ mass 2.1Tev
W ) Leptophobic 2/ — tt Teu 21b21002 Yes 361 |2 mass 3.0 TeV /m=1%
2§ iy, bbbt} Oen 6b 10 |k Forbidden o0t 023135 SSM W' — v e : Yes 139 |vEREES 6.0TeV
a ' . SSM W' — v 17 - Yes 361 [ W mass 3.7 TeV
Ry, - WHi or i) 0-2eu 02jetsN-2b E 361 |@ 10 m(E)=1Gev HVT V' = WZ - qqqq model B 0 e, 24 - 139 [Wmass: 36TeV =3
§ & i), Well-Tempered LSP Multiple %1 & 0.48-0.84 m(E)=150GeV, m(F})-m(i5)=5 GV, 7, HVT V' — WH/ZH model B multi-channel 361 [V mass 293TeV =3
mg iy, =t by, 1216 Tretlepr 2jets/th EP™ 361 i 116 m LRSM Wi — tb multi-channel 36.1 Wp ma 3.25 TeV
BB i ik} /78, el Oep 2c  EPv g6 @ 085 mif LRSM Wg — uNg 24 19 - 80 | Wqmass 5.0TeV m(Ng) = 0.5TeV, g = gr
i 046 (i 2y} cl - 2 -
. PT— = 4999 i 370 [A 218TeV 1,
Ocp  monojet EPt 361 & 043 mii, oy Clttaq 2ep - - 31 [A 4007TeV 7,
iy, i +h 12ep 4b 361 |0 0.32-0.88 m(E1)=0 GoV, m(}m(¥)= 180 GeV Cl ettt 2lex  21b21) Yes 361 |A 2.57 TeV. 1Cael = 4
T3 via wz 3 6.t 361 [/ 06 mE)-0 Axialvector mediator (DiracDM)  Oeur 1-4j  Yes 361 [ ioet 155 Tev 86025, g,1.0, m(x) = 1 GeV
M 21 361 |54 047 miE})-mii})=10 GeV E Colored scalar mediator (Dirac DM) 0 e, u 1-4]  Yes 361 |t 1.67 TeV £=1.0, m(x GeV
2ep 130 |@ 042 @)= Wy EFT (Dirac DM) Oep 1451 Yes 32 M 700 GeV' mix) < 150 Gev
“ ey : m Scalar reson. ¢ — ty (DiracDM)  0-1e,u 1b,01J Yes 361 | Mg .4 TeV =0.4,1=02, m{y) = 10GeV
0ep 2b 361 |/ 068 =0 x ) “ s 34Te y (x)
2ep 130 | % 10 miZ,7)=0.5(m(E} )sm(i) Scalar LQ 1 gen 12e 22j Yes  36.1 1.4TeV B=1
2r %61 |EE 076 mE)=0, m(#, )=0.5(m(E} Jsm(i)) S8 Scalarla 2" gen 124 22]  Yes 361 1.56 TeV. p=1
i 0.22 m(E])-m(i})=100 GeV, m(t, $)=0.5(m(¥} )+m(¥})) Scalar LQ 3’: gen 2r 2b - 36.1 1.03 TeV BLQS - br) =1
P 0, " 0-1e, 3 B(LQJ - tr) =0
Tl =08 2en Ojets BN 130 |7 o @0 Scalar LQ 3 gen en  2b  Yes 361 970 GeV. (LQ7 — tr)
2em 21 361 |7 0.18 m(@)-m(i?)=5 GeV VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 137 TeV SU(2) doublet
AR, A-hG 26 Oep 23b 361 | 0.13-0.23 0.20-0.88 BRI — hG)=1 VLQ BB - Wt/Zb + X multi-channel 36.1 1.34 Tev. SU(2) doublet
dep Ojets  EPv 361 | i 03 BR(T! - 26)-1 VLQ Ts/3 Toyal Tsjs » We+ X 2(88)23 e >1b,21) Yes 361 164 Tev B(Tep — W)= 1, c(Tsp W)= 1
VLQ Y - Wb+ X Teu 21521 Yes 364 1.85 TeV. B(Y = Wh)= 1, co(Wh)= 1
E @ Direct ¥[ | prod., long-lived ¥} Disapp. ttk  Tjet  Ep™ 361 Wino VLQ B - Hb + X Oep2y 21b>1j Yes 798 1.21 Tev xg=05
2 é Pure Higgsino VLQ QQ — WqWq Ten >4]  Yes 203
g Subles Racron N Muitle 3.1 Excited quark q" — qg - 2 - 1o 67Tev onlyur and o, A= m(a)
| Metastable § R-hadron, §—gq¥| Multiple 36.1 m(¥))=100 GeV Excited quark g° — qy 1y 1j - 367 53TeV only u* and d*, A = m(q")
S o " k Excited quark b* — bg. - 1b1j - 361
LFV ppsv + X, Vysep/e aueryr 4,011, Ay =007 i
LPY pp-sbe + X, e-sapferur ’4 o T 3.2 y Excited lepton ¢* 3enu - - 203 A=30Tev
Xiki /%2 - wiwjzice bl jots BT 361 miFi)=100 Gev Excited lepton v* Seur - - 203 A=16TeV
&, 3-aa¥, ¥ - qaq 4-5 large-R jets. 36.1 Large 4},,
2 Multiple 36.1 m(¥1)=200 GeV, binolike Type Il Seesaw Ten 22]  Yes 798
» LRSM Majorana v 2 2j - 361 m(We) = 41 TeV, g1 = g&
'S Multiple 36.1 1)=200 GeV, bino-like
20ets feh 07 wéhy eV ol Higgs triplet H** — (¢ 234eu(SS) - - 31 870 GeV. DY production
. ! Higgs triplet H** — ¢t Beput - - 203 DY production, B(H* — fr) = 1
2on 2 ol P s Multi-charged particles - - - 361 | multicharged particle mass. 1.22TeV O producton. q
’ 1 o eos Magnetic monopoles - - - 344 | monopole mass 2.37TeV DY production, lg = 1gp, spin 1/2
Vs=13TeV  Vs=13TeV L ] "')
i .
partial data full data 10 Mass scale [TeV]

*Only a selection of the available ma:
phenomena is shown. Many of the limi
simplified models, c.. refs. for the 2

-1
10 1 Mass scale [TeV] *Only a selection of the available mass limits on new states or phenomena is shown.

+ Small-radius (large-radius) jets are denoted by the letter j (J).

+ So far, no indications for new BSM physics up to several hundred GeV
+ However: in flavour physics, tensions observed between LHCb data and SM predicitions
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Standard Model Complete...

T

IT IIT

Bosons

i~ L e e e e —— — T
C 689 o fJ m, comb. = 1o
8 [ 68% and 95% CL contours = m r‘f"“: 7247 Gev
= 80.5 |~ W Fitw/oM, and m measurements I -~ 0=0.46GeV -]
E; E Fit w/o M,,, m and M, measurements d — 0=046®©0.50,,, GeV
F i ' 9 "
_ Direct M,, and m, measurements e - a
80.45 [— S —]
C it_l LEP + H(LHC)/,,
80.4 | /K ——
[ LEP; Tevatron; LHC i
80.35 } m = eol.)é;s;‘:o.ma GeV meésuremgnté) ‘E
80.3 — BS i
Ny
gozs|— o o o -
C : Wy Wy W
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coherent Bt

With the Higgs boson, the Standard Model as a theory of
particles and their interactions is now

v complete
v coherent
v predictive to all energies

Is this the end ?

...most likely not
Many unanswered questions based on experimental
observations?

o Why 3 generations of fermions ?

o What is the origin of neutrino masses and oscillations ?

0 What is the composition of dark matter ?

0 What is the origin of the matter-antimatter asymmetry in
the Universe [BAU] ?

a0 Why is gravity so weak ?
a Why is the Higgs boson so light ?
+ so-called “naturalness” or “hierarchy” problem
0 What is the origin of the Universe’s accelerated expansion ?

Mogens Dam / NBI Copenhagen
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New Physics ?

+ Many diverse theoretical ideas to extend the Standard Model (with new particles)

Pt Whee - b

«+ Is new physics at larger masses ? Or at smaller couplings ? Or both ?
o Only way to find out: go look, following the historical approach:
+ Direct searches for new heavy particles
= = Need colliders with larger energies Energy frontier

+ Searches for the imprint of New Physics at lower energies, e.g. on the properties of Z,
W, top, and Higgs particles

= = Need colliders / measurements with unprecedented accuracy

Precision frontier
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Energy vs Precision

+ Many ideas lean towards higher-energy replicas of the standard theory

B0 Do

24MeV Il 1.3GeV | 170 GeV 0
T
48 MaV I 104 MeV | 42GsV ﬂ
-

B
. Symmetry

HHEA
Al
m Higgses

o Direct searches at larger energies may be the key — but how much larger ?

+ Rare decays and precise measurements may also unveil these extension'’s
imprints
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Precision vs Energy

+ The Standard Model is complete ? Obviously three pieces missing !

Three Generations Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin ¥
| |} m | ] ]
mazz~ | 2amev 1.27 Gev 1732 Gev mazz~| 2.4 Mev 1.27 Gev 173.2Gev
charge - |34 u £ c % t charge - |35 u % C h t
name - up cham top nam= ~ up charm wop
" 48 Mev 104 Mev 4.2 Gev A 48 Meyv 104 Mev 4.2 Gev
*d |*s |°b :d s |°b
o down Ztrange bottom o down syange bettom
;‘ 126 GeV 10 ke ~Gev ~Gev g 126 Gev
0 0 0 7y 0 | 0 0 oy 0
V., |V 2 "H Ve/N,[*Vi/N,||*Ve/N;| - °H
tay 2 tay &
‘ : b ¢ Higgs
L i L K
0511 Mev 105.7 Mev 1.777 Gev = spin 0 o | estme 105.7 Mev 1.777 Gev = spin 0
g |1 4 - - 5 |1 4 - e
2 e . T a7 e 4 T
- electron muon tau « - elecron mucn [ @

+ Three right-handed neutrinos ?
o Extremely small couplings, nearly impossible to find but could explain nearly everything !
+ Small m, (see-saw), DM (light N,), and BAU (leptogenesis)
0 Need very-high-precision experiments to unveil
+ Could cause a slight reduction (increase) in the Z (H) invisible decay width
+ Could open exotic Z and Higgs decays: Z, H = v;N;
= Possibly measurable [ detectable in precision e*e" collisions
= Most likely out of reach for hadron colliders (small couplings)
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Where we are heading

o The LHC s still pretty much in its childhood
o Factor 30 more luminosity to be collected

® Peak luminosity =—Integrated luminosity
8.0E+34 — \ — \ T
ol 4000
7.0E+34 :
| P | 3500 5~
6.0E+34 preereeered T . o)
— 3000 3
" S5.0E+34 : - teeete} feie '
o - : ~ Lo . : <t T 2500 8
S, 4.0E+34 ) wn ) e N4 ‘ €
> | U L D N I | — | | 2000 2
'3 3.0E+34 b o / 2
< ; BER ‘ 1 | oo
% 2.0E+34 . . oo 1000 £
1.0E+34 o . E | / 500
0.0E+00 et NEE_ . -uil [EEECEEEC o
10 11 12 13 14 15 16 17 18 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
i Year
¢ Until the end of HL-LHC (~2037!)
o Exciting search programme for New Physics e("eé
+ Stop: 1.5 TeV; squarks/gluinos: 3 TeV; Z': 7 TeV; etc., etc. 0‘\6”‘9
o Important precision measurement (“(\3
. . (8)
+» Higgs couplings to 2-4% a‘eé
+ Top quark mass to 200 MeV 669(39
+ W boson to 10 MeV ?
+ Flavour physics measurements
Mogens Dam / NBI Copenhagen Physics at Lepton Colliders 31 July - 1 August, 2019 20



Precision Higgs physics — The need for a Higgs Factory

+ The Higgs boson is different from all other SM particles . {5=14Tev,3000 " per experiment
o May possibly open window to new physics ? — Sustca ':L_TL’;;?’;:C?;MS
. . . . . . — E i tal
o Study precisely its properties to look for possible deviations ?yg;,‘;’i:;me” ) Uncertaney
Tot Stat Exp Th
+ The (HL-)LHC is already a "Higgs factory” SR Ly 18 08 10 13
o) Ky = 1.7 08 07 13
o Fabulous statistics . =
7 —— 15 07 06 1.2
+ At HL-LHC, > 108 Higgs bosons produced in ATLAS + CMS  «, = 25 09 08 21
0 Main challenge is backgrounds L E— 34 09 11 31
= Many decay modes are hard to identify ;= 871818 82
/ Ky = 1.9 09 08 15
o Expected HL-LHC precisions at the “few percent level” --* K. = vs 5 10 17
o+ Is this preCiSiOn gOOd enOUgh to make a “diSCOVQrY" ? Kz —————— | 98 72 17 64

0 002 004 006 008 01 012 0.14
Expected uncertainty

+ Higgs couplings are sensitive to New Physics (NP)
o Expected deviations from SM coupling strengths depend on NP scale:

Model Ky Kp Ky
g 1 TeV 2 Singlet Mixing ~ 6% ~ 6% ~ 6%
’;ﬁx =~1+0x with & = 2HDM ~ 1% ~10% ~ 1%
8uxx NP Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3-9% ~—9%
Top Partner ~ —2% ~ —2% ~ +1%

+ Need a minimum of 1% precision on couplings for a 5o discovery if Ayp =1 TeV
o And better for heavier New Physics

Need a precision Higgs factory
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An experimental strategy for the future:
e*e” colliders

Mogens Dam / NBI Copenhagen Physics at Lepton Colliders 31 July - 1 August, 2019
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Precision requires luminosity

¢ So far, all e*e colliders except SLC (at SLAC) have been circular
o Over time there has been a dramatic increase in luminosity
+ The next e*e” collider will be ...

1000 CSUPER KEKB_ )] Circular ?
1000 FCC-ee, CEPC
Linear?
100 ILC, CLIC

10

Luminosity (1032 /cm?/sec)

0.01 ‘ |
1960 1970 1980 1990 2000 2010 2020 2030
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Linear or Circular ? (1)

+ For 20 years, there was only one future e*e- collider project on the market
0 A 5oo GeV e'e” linear collider, now called "ILC", proposed in the early 1990’s

‘»\“\_\“‘B"‘ et

0 Why not a 5oo GeV circular collider ?
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Linear or Circular ? (2)

+ Why not a 5oo GeV circular collider ?
o Synchrotron radiation in circular machines

4

+ Energy lost per turn grows like |AE o [ H , €.9., 3.5 GeV per turn at LEP2

R\m

= Must compensate with R and accelerating cavities —> Cost grows like E% too

' A : -/
S
i :
P ; : i 'L E ’P\ ﬂlilerwig SchoppAerb
Circular machines
copper - The Lord of the
------ supercond. * Collider Rings
accelerating at CERN 1980-2000
cavities
The Making, Operation and Legacy
of the World's Largest Scientific Instrument
With a Foreword by Rolf-Dieter Heuer
| | 4
@ Springer
Total energy ~300 GeV ~500 GeV

0 “Up to a centre-of-mass energy of 350 GeV at least, a circular collider with superconducting
accelerating cavities is the cheapest option”, Herwig Schopper

o At and above 500 GeV, a e*te™ collider can only be linear
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The Revival of Circular ete" Colliders

« Interest for circular collider projects grew up again after first LHC results
0 The Higgs boson is light — LEP2 almost made it: only moderate /s increase needed

o B i : : .

“c;)’ —e'e = HZ

g 200 —HZ,Z—wv |
[1h]

a — WW — H

o -

2 L —2Z >H

O 200__ ..................................................................................... I Total .

150

100

.800 220 ' 240 260 280 300 320 340 360
\'s (GeV)

IIIIH_IIII

50

0 There seems to be no heavy new physics below 500 GeV
+ The interest of v/s = 500 GeV (and even 1 TeV) is no longer quite that obvious

0 One way out: study with unprecedented precision the Z, W, H bosons and the top quark
+ Need to go up to the top-pair threshold (350+ GeV) anyway to study the top quark
+ Highest possible luminosities at 91, 160, 240 and 350+ GeV are needed
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Studies of High-energy e*e” Colliders

é Legend

e CERN existing LHC
Potential underground siting :

eeee CLIC 380 GeV
CLIC 1.5 TeV
esee CLIC 3 TeV

¥

Jura Mountains
Schematic of an
g 80-100km
¢ long tunnel

i B B S

Future Circular Collider (FCC): CERN
e*e’, v/s: 90 - 350 GeV; pp, V/s: 100 TeV;
Circumference: 97.5 km

Circular Electron-Positron Collider (CEPC): China
\/s: 9o — 240 GeV, Circumference: ~100 km
. N AT

o

International Linear Collider (ILC): Japan
\/s: 250 — 1000 GeV,

| Now concentrating on /s = 250 GeV, : e
Length: 21 km (250 GeV) Colliders 31 July -1 August, 2019 27
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Projected Luminosities of e*e” Colliders

Z WW ZH tt
¥ v b

—s=— FCC-ee (Baseline, 21Ps)
—— CEPC (2IPs)

T'T‘ —e— |LC

v —a— CLIC
<~ 100
-
(&)
=
o
=
Fny
v 10
O
£
-
3
-

LEP@Z-pole: 1.

L =0.01 x1034cm™2s? — : ——

100 1000
Vs [GeV]

+ Complementarity

o Ultimate precision measurements (luminosity!) with circular colliders (FCC-ee)
o Ultimate e*e™ energies with linear colliders (CLIC)
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ILC

« Originally designed for 1/s = 500 GeV, recently re-optimized for 250 GeV

0 Supported by 25 years of R&D and innovation

+~ Complete technical design report delivered in 2013
= In principle, ready for construction as soon as decision is taken

0 Machine has many technological challenges
+ ~10 km-long, high-gradient (31 MV/m), RF system
+ A very low B* optics delivering small beam spot sizes at high intensity
= Still to be demonstrated to be achievable
+ A positron source with no precedent
= Performance cannot be verified before the construction is complete
+ A green-field project

o Can deliver data to only one detector at a time

o In principle upgradeable to /s =1 TeV
+ And possibly more : CLIC or plasma acceleration later in the same tunnel (?)

0 No design to run at the Z pole

Mogens Dam / NBI Copenhagen Physics at Lepton Colliders 31 July - 1 August, 2019
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CLIC

+ Designed to reach the highest possible energies in e*e" collision

« In staging scenario, forseen to cover the three energy points /s = 380,
1500, and 3000 GeV
o More than 30 years of innovation and R&D
+ Very high acceleration gradient, 200 MV/m, from a 2-beam acceleration scheme
= demonstrated via CLIC Test Facilities
+ Conceptual Design Report delivered in 2012

o A number of technological challenges common with ILC

+ Very low B* optics delivering small beam spot sizes at high intensity
+ Positron source with no precedent

o Can deliver data to only one detector at a time

o No design to run at the Z pole

drive beams
these electron beams provide the RF power to the main accelerators

\\...\\ / — J L — \ //..,//

detector
'a

-— s

electron main accelerator electrons . positrons positron main accelerator
main beams
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FCC-ee

« Designed as highest luminosity Z, W, H, and top factory (1/s=88-365 GeV)

o Relatively young project: about six years old

+ Lots of progress — very solid design study (2014-2018)

= Technology ready... on paper
= Conceptual Design Report (CDR) published early this year

o This machine has at least as many technological challenges as linear colliders
+ A high-power (200 MW), high-gradient (10 MV/m), 2 km-long, RF system
+ Loads of synchrotron radiation (100 MW) to deal with
+ A booster (for top up injection), and a double ring for e* and e~
+ Optics with very low *, and large momentum acceptance
+ Transverse polarization for beam energy measurement
+ Two (possible four) experiments to serve
+ ... and much more

0 Supported by 5o years of experience and progress with e*e™ circular machines

+ Most of the above challenges starting to be addressed at SuperKEKB
= FCC-ee will build on this experience

0 First step towards a 100 TeV proton-proton collider
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Landscape of proposed future colliders

I Proton collider

Possible scenarios of future colliders M Electron collider
] Electron-Proton collider
mmmsm Construction/Transformation

PSS - |LC: 250 GeV 1TeV Preparation
20km tunnel 2 abt ] = 4-5.4 ab1

40 km tunnel

Japan

SppC aim similar to FCC-hh

11 years
350-365 GeV FCC hh: 150 TeV =20-30 ab-1
FCC-ee:

LAECIEM CepC: 90/160/240 GeV
I
100km tunnel 16/2.6/5.6 abt

China

8 years 1.7 ab1
90/160/250 GeV
100km tunnel 150/10/5 ab- 11 years
FCC hh: 100 TeV 20-30 ab-!
8 years 15 years

Tookm tunnel FCC hh: 100 TeV 20-30 ab-1

8
HL-LHC: 13 TeV 3-4 ab-1 =SE8 E-LHC: 27 TeV 10 ab-1

2years 6years |LHeC:1.2TeV : .
—— FCC-eh:35TeV2abt |
3 TeV
I [
11 km tunnel 2.5 ab? 5 ab-l

29 km tunnel 50 km tunnel

CERN

5 years LRSI CLiC: 380 Gev [ 1.5 TeV

13/05/2019

uB
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Landscape of proposed future colliders

B Proton collider

Possible scenarios of future colliders B Electron collider
[] Electron-Proton collider

mmmsm Construction/Transformation

< PSS - |LC: 250 GeV 500 GeV 1TeV 5 Preparation
% 20km tunnel 2 ab1 5 4 ab-1 =4-5.4 ab-1 K
- m tunnel 70 Km tunnel
8 years .
g _y 5552}52/122/240 SppC aim similar to FCC-hh
= 100km tunnel Lkl
(@)
350-365 Ge
FCC-e
100km tunnel 150/10/5 ab-
8 years 15 years

100km tunnel
=
E HL-LHC: 13 TeV 3-4 ab-!
U .

Numbers in boxes

2 years 6 years LHeC_: 1.212)V IFCC-eh:3.5 TeV 2 ab1 ‘ . . .
’ 0.25-1ab represent prices in Gunits

cLiC: 1.5 TeV [CHF, $, ...]
29 km tunnel 50 km tunnel

5 years 7 years

11 km tunnel

13/05/2019 UB
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Precision Higgs Physics

FCC-ee (Baseline, 21Ps)
CEPC (21Ps)

*
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Scenarios | have chosen to discuss [ compare

Facility CEPC,,, FCC-eeq, ILCco0 CLIC, 00
Vs [GeV] 240 240 [ 365 250 / 350 / 500 380 /1500
L [ab™] 5.6 5/1.5 2.0/0.2/ 4.0 1.0/ 2.5
# years 7 9 22 17
Polarisation no no yes yes

# Higgs (x 103) 1100 1000 /[ 240 500 [ 40 [ 800 150 / 600

+ The landscape is complicated; not easy to make a “fair” comparison:
o CEPC: no current plans to go beyond /s = 240 GeV
+ However, clearly technically feasible
0 FCC-ee: Both +/s = 240 and 365 GeV included in baseline project
+ The energy upgrade of FCC is the FCC-hh, which will bring ultimate precisions

o ILC: Current baseline is 250 GeV only; but clearly an upgrade to 500 GeV is
understood/hoped for

+ However, more than a factor two on price, and long time scale (Z = 22 years)
o CLIC: Have (arbitrarity) included the two first stages leaving out the the 3 TeV run
+ Regard the 3 TeV run as an “energy upgrade” comparable somehow to FCC-hh
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Higgs Production

+ Dominant production processes for 1/s < 500 GeV

€ v
= |
____________ H  Boson fusion

Higgs-strahlung

P(¢, €")=(-0.8, 0.3), M =125 GeV

5 —— — 400 =
=300 FCC-ee ooz | ILC —SMallffh |
2 F —WWoH | = | 2 ]
§250: —x\:vm " ""9\_,300 — — WW fusion -
8 c ZZ fusion
S200F T — s o | /
o \\ : “— i e
150" /_ T~ ©200 ->V&%H ]
- / i N 2 O :
C : 7)) i ¢ v i
100 ' & W
n [ : i 1
N Sof | L0
00 220 240 260 280 300 320 340 360 0k =< vV U DUROT R W
ys (GeV) 200 250 300 350 400 450 500
o Effect of beam polarization \s (GeV)
+ Higgs-strahlung cross section multiplied by 1 —P_P,— A, x (P_—P,)
+ Boson fusion cross section multiplied by (1—P_) x (2+P,) (exercise)
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Moving to higher energies

+ Higgsstrahlung: e*e-— ZH
0 o ~ 1/s, dominant up to = 450 GeV

102 + WW fusion: ete-— Hv,v,
' 0 o ~ log(s), dominant above 450 GeV
i o Large statistics at high energy

ole*e’ — HX) [fb]

« ttH production: e*e- — ttH
0 Accessible = 5oo GeV, maximum = 8oo GeV
o Direct extraction of top Yukawa coupling

¢ ZHH and HHv.v, production

o From 500 GeV (ZHH) and =800 GeV (HHv,.V, ),
dual Higgs production

10

= 1000 2000 3000 o Sensitivity to Higgs self coupling
\s [GeV]
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Higgs Decays

« Planis to run at v/s = 240-250 GeV and 350-500 GeV in order to

0 Determine all Higgs couplingsin a model-independent way

o Infer the Higgs total decay width

o Evaluate (or set limits on) the Higgs invisible or exotic decays

+ Through the measurements of

—

Higgs BR + Total Uncert
Q

-
Qe
n

10°

0 my =125 GeV is a very good place to be for precision measurements !

+ All decay channels open and measurable — can test new physics from many angles

withY=Db, ¢, g, W@'y, T, U

o(e'ee >H+X)xBR(H —YY)

my =125 GeV I
— T T — I T T T — E
& bb ™ ww S § Decay BR [%]
C 1 Je
L : - 'é bb 57.7
| -z
2 T 6.32
L Tt -
= \ 7z E ccC 2.91
= ~ ] UM 0.022
- | N ww 21.5
1
= : = gg 8.57
E I 7
- . 7 77 2.64
i oo ! z |
RS ~ YY 0.23
~ "/ 1 1 Il 1 1 I 1 1 1 1 1 I 1 ZY 0.15
100 120 140 160 180 200
MH [GeV] H [MeV] 4.07

Mogens Dam / NBI Copenhagen

Physics at Lepton Colliders 31 July - 1 August, 2019

38



Higgs Backgrounds

+ Physics backgrounds are “small”
o For example, at /s = 240 GeV

¢ f ¢ + e + &t + gt e % e _
n* Y ‘;. AAAS W ——T——Y Z_ e - e'*; AAAA Ty - ;
“ —_ AY
- - - Y ] e ——feT e W v e ; z‘”
B 7 e e AN W VAV V4 v ; NNAN T ¥ - v
y vy —qq, £+4" i
ete”—qq, I"I- m > 30 GeV ete” - W*W~- ete” —> Zete- eter —>Wev ete- > 2727 ete" —>Zvv
60 pb 30 pb 16 pb 3.8 pb 1.4 pb 1.3 pb 32 fb
o™ { ion r like 2 9
Blue” cross sectlo. S d?c ease like 1/s . Al o e
= “Green” cross sections increase slowly with s fors>345Gev | 2-°P
0 To be compared to
o Only one to two orders of magnitude smaller
~H Y g

vs. 11 orders of magnitude in pp collisions
- Trigger is 100% efficient
= no need for trigger; all crossings are recorded

Z - All Higgs events are useful and exploitable
200 fb - Signal purity is large
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Higgs Events

+ Example of a Higgs boson event
o Tagged with a Z boson

o Very clean signature

\s = 240 GeV

-6m -3m 0 3m 6m
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Higgs physics Analysis

+ Example: Model-independent measurement of ,,; and g,;7,
o The Higgs boson in HZ events is tagged by the presence of the Z — efe-, utp~

Events

+ Select events with a lepton pair (ete”, utu™) with mass compatible with m,

+~ Apply total energy-momentum conservation to determine the “recoil mass”

= my?=5+mz—2vs(p,+p.)

+ Plot the recoil mass distribution — resolution proportional to momentum resolution

+ No requirement on the Higgs decays: measure 6,z x BR(Z— ete”, p™u")

300

200

100

=
O
@
3_
1=
Q
=
o

IIIIIIIIIIIIIIIIIII

LA SR S S B B R B S S E

—e— Data

—— Signal+Background

-~ Background

e'+e - pu + X @ 250 GeV

lllllll]lllllllllllll‘

——— - el

130

140 150
Recoil Mass (GeV/c?)

Events/1 GeV

25

><1O3 -

FCC-ee simulation

Exercise!

- DZH

20}

15[

5 ab™
[]zz

[ Jww

ZH — prpu X

R X R R LT

my = 125 GeV ;
Vs=240GeV ]

mRecoH (GeV)

0 Provides an absolute measurement of g,;z7 and set required detector performance
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Higgs physics Analysis

+ Repeat the search in all possible final states

0 For all exclusive decays, YY, of the Higgs boson: measure oz x BR(H — YY)

+ Including i

nvisible decays

= event containing only the lepton pair with correct (Mpis Myecoit), €lse empty

+ For all decays of the Z (hadrons, taus, neutrinos) to increase statistics

o For the WW fusion mode (Hvv final state): measure oyw_ 4 * BR(H — YY)

> 2000

§ 1800

@

5 1600

“'1400
1200
1000
800
600
400
200

ZH — £*¢- + nothing, o.5 ab™

BR(H — invis) = 100%

= Signal

888 All backgrounds
— 2

— WW

— 7y

I]I|III|III|IIIIIIIlIIIIIII|I11|III|III

0 60 70 80

-a¥e ¥
PR
s
KKt i
LR 3
rpasesesatatetetitels
JRRLRKLS,
wstetetelelelete% B QS h
o o QSRR ootereds oo
B e o e L ST
O s o — oo s, e W VLV e v P SO AN O 0 i A

e e

my=125 GeV 500", {5=240 Gev
\s=240 GeV

s 9 9:00

120 130 140
M miss (G EV)

90 100 110

ZH — qq bb, 0.25 ab
] (@) ++ + Drata
T — Fit result
1000 —
4 m, = 120 GeW

ILD simulation
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Higgs total Width

«+ Indirect determination of the total Higgs decay width
o From a counting of HZ events with H — ZZ at /s = 240 GeV

+ Measure oyz X BR(H — ZZ)

V4
Z*
OHzz
\
“Hoz

JHzz

Final state with three Z’s
Almost background free

Z*

Measured with the H#*¢- final state
(see slide 41)

+ Onz Is proportional to g,77>

+ BR(H— ZZ)=T'(H — ZZ) | T is proportional to g,z.2 /Ty

= Oyz %X BR(H — ZZ) is proportional tolg
<+ Infer the total width I'

/T,
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Higgs total Width

« Indirect determination of the total Higgs decay width (cont’d)
o From a counting WW— H—5 bb events at 350-500 GeV in the bbvv final state:

400

o
S
S

I

number of evepts/500 fb '

+ Measure o(WW— H— bb)

| sqrt(s) = 350 GeV
' mH= 120 GeV

-
|8 —
—
—
—

WW-Fusion
Higgsstrahlung
Interference
Background

s Lo P 1 Y.

250

missing mass (GeV)

+ Take the branching ratios into WW and bb from oyz and oyz X BR(H — WW,bi))

+ Infer the total width

T, «o,,_,/BRH—>WW)=0,,_,_., | BRH—>WW) x BR(H — bb)
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Higgs Self Coupling, A,

« Higgs self-coupling, A, is a fundamental parameter of the SM whos value should
be checked against prediction

o Essentially dictates the shape of the Higgs potential
« For /s = 500 GeV, access to di-Higgs production

From 5oo GeV

From =800 GeV

= S¢ .

& E .
< 45K — ee & vvHH 1400 GeV /‘1 =
= DF /by =
- L ----@e & vvHH 3000 GeV * 3

4:—* ee » ZHH 500 GeV =

35E ™. — ee + ZHH 1400 GeV

0 In both cases, three interfering diagrams

2; : + Higgs self coupling, A, extracted from fit to
‘5* : production cross section

os: """""""" — . At 1400 GeV: relatively strong dependence
G E 0.5 T 15 2 = At 500 GeV: weak(er) dependence

/\:;//\i.\l

Mogens Dam / NBI Copenhagen Physics at Lepton Colliders 31 July - 1 August, 2019 45



Higgs Self Coupling, A,

+ At lower energies, no production of Higgs pairs
+ But, loops including Higgs self coupling contribute to Higgs production

« Effect on 6z, and o,,4 of Higgs self coupling (A, and hence «;=A,/ A\;>™) depends on s

0.025 ‘ FCC-ee, fror‘q EFT globa‘l fit ‘
| UG T = oimaisey
\ 0.02 — +1.5/ab at 365 GeV ]
0020’ ----- 350 GeV alone
A L \ata~shZ TN N el 365 GeV aZIone
[ 0.01f Ax*=1 ]
© 0.015"
o
0.00
0.010 “©
-0.01F
0.005
-0.02+
0.000 : !
250 300 350 400 450 500 - - 5 5 .
Vs[GeV] 6Ky

o Two energy points (240 and 365 GeV) lift the degeneracy between 8x; and dk;

+ Precision on A, with 2 IPs at the end of the FCC-ee (91+160+240+365 GeV)
= Global EFT fit (model-independent) : +34% (30) ; inthe SM: +12%
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Summary of Higgs Measurement Precisons

D~ Model-independent results
e~

Sensitive to new physics at tree level
>  Expected effects < 5% [ A%,

1% precision needed for Ayp ~ 1TeV
Sub-percent needed for Ap > 1TeV

Sensitive to new physics
in loops

>

Sensitive to light dark matter
>~  particles (sterile v, x, ...)
and to other exotic decays

// \‘
Coupling HL-LHC ‘@240 FCCeeyq ILC.o0 CLICE&
Ky [%0] 1.2 1.3 0.43 0.29 0.17
Ky [%] 1.0 0.13 0.17 0.23 0.26
K. [%] SM 2.2 1.3 1.3 1.8
K, [%] 2.8 - 6.9 n.a.
Ky, [%0] 2.7 1.2 0.67 0.58 0.48
K, [%] [AA 8.9 8.9 9.4 13
K, [%] 1.6 1.3 0.73 0.7 1.3
K, [%] 1.7 3.7 3-9 3-4 5.0
Ky [%] 2.2 1.5 1.0 0.97 1.3
Kz, [%0] 10 8.2 - - 15
Iy [%] ~50 3.1 1.3 1.6 2.6
BR,,, [%0] S2 <0.27 <0.19 <0.22 <0.62
BRgyo [%0] SM <1.1 <1.0 <1.4 < 2.4
A, (sngl-H/di-H) -/ 50 17/ - 19/ - 26 [ 27 40 /36

\

Generally, a factors of 2-10 better than HL-LHC

Plus Model Independence

Higgs self-coupling
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Rounding off ...
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Conclusions of the first lecture (1)

+ The Standard Model is a complete theory of particles and their interactions
0 Theoretically complete since 40 years
o Experimentally complete since 2012 with the discovery of the Higgs boson
0 Tested to be internally consistent at the quantum loop level via EW precision measts.
+ The days of “guaranteed discoveries” are over, however, experimental observations
suggest the existence of physics beyond the SM
o Dark matter, matter-antimatter asymmetry, neutrino masses, ...
o However, we do not know where this new physics is hiding
+ At high(er) masses = Energy Frontier / Precision Frontier
+ At small(er) couplings => Precision Frontier
+ e*e colliders provide very clean experimental environments:
o In particularly LEP has played (is still playing!) an important role in precision tests of SM
+ Z parameters from 107 Z decays; W parameters from 105W decays
+ Future e*e" colliders can be either linear or circular
0 Linear: necessary for energies > 5oo GeV (synchrotron radiation)
o Circular: superiour luminosity performance for energies < 375 GeV
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Conclusions of the first lecture (2)

+ A e*e” Higgs Factory can test the Higgs boson to the theoretical interesting sub-
percent level

o ~10°Higgs decays in an experimentally very clean environment
o The Higgs boson in HZ events are tagged by the Z decay products
+ The small mass of the Higgs boson allows two options for a Higgs Factory
0 A 250 - 500 GeV linear collider: ILC (also CLIC at v/s = 380 GeV and higher)
» ILC now concentrating on /s = 250 GeV
o A 88 —365 GeV circular collider: FCC-ee (also CEPC at y/s = 88 — 240 GeV)

+ Tomorrow we will consider the potential of very high precison electroweak
measurements at the FCC-ee and high-energy e*e- collisions at CLIC
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End of the first lecture

Questions...
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m, [GeV]
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160 — Results of the EW fit 7
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- % Tevatron -~ PDG .
150 [— ¢ LHC ~ LEP EW WG —
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= Gfitter incl. direct searches

llIlIllllllllIlllIl

100 N
50 — < -
N :
o 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 L 1 1 I 1 1 I_l
2000 2005 2010 2015
Year
Mogens Dam / NBI Copenhagen Physics at Lepton Colliders 31 July - 1 August, 2019 52



