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Beyond Inclusive Higgs analysis
one example
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Why going beyond inclusive Higgs processes?
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So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale 4 = my

v

access to Higgs couplings @ mH
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale 4 = mn

access to Higgs couplings @ mH

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(|mportant to check that the Higgs boson ensures perturbative unitarity) :

Examples of interesting channels to explore further:

| off-shell gg = h* = ZZ — 4
2. boosted Higgs: Higgs+ high-pT jet
3. double Higgs production

Christophe (Grojean Federe Colliders $4 WHEPS, Aug. 26-2%, 2019



Why going beyond inclusive Higgs processes?
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics
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...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < [.5 TeV)

Inclusive Higgs measurements cannot rule out light stop

There are various arguments that favour this light stop region

+ flavor constraints (&k, B—Xs+Y)
4+ RG evolution

+ DM Delgado et al '12
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics
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CMS
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...or not if A=0 = light stop window in the MSSM

(stop right ~200-400GeV ~ neutralino w/ gluino < [.5 TeV)

Inclusive Higgs measurements cannot rule out light stop
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Difficult direct searches (trigger on stop+extra jet)
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Light stop searches from Higgs+jet

Natural susy calls for light stop(s) that can affect the Higgs physics
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...or not if A=0 = light stop window in the MSSM
(stop right ~200-400GeV ~ neutralino w/ gluino < [.5 TeV)

Inclusive Higgs measurements cannot rule out light stop
but O(10%) sensitivity on boosted h+;

1.5
| can close up the light stop window
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Grojean, Salvioni, Schlaffer, Weiler ‘13

Low rate < large luminosity needed

One good example where large statistics opens up new search strategy
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http://arXiv.org/abs/13012.3317

One missing piece:
The Higgs self-coupling

Do we need to reach HH threshold to learn about h3?

Christophe GGrojean Feletre Colliders S6 LA EPS, 4&(3. 26-2%, 20|



One missing beast: h3
The Higgs self-coupling plays important roles

1) linked to naturalness/hierarchy problem
2) controls the stability of the EW vacuum (... like many other BSM parameters)

3) dictates the dynamics of EW phase transition and potentially conditions the generation
of a matter-antimatter imbalance via EW baryogenesis

Does it need to be measured with high accuracy?

Only a few new physics scenarios (but they exist) that will be revealed in the measurements of h3
But this measurement is the only way to understand the dynamics of EWSB (Cooper pair or elementary scalar?)

. What sort of precision should we aim for?
¢= |+ 95% confidence it exists: Around 50% accuracy
28 |» Bo discovery: Around 20 % accuracy.
:
|
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Higgs self-couplings and Naturalness

In the SM, |H|? is the only relevant operator
and it is the source of the hierarchy/naturalness/fine-tuning problem
It presence has never been tested!

Reconstructing the Higgs potential before EW symmetry breaking
from measurements around the vacuum is difficult in general
but we can easily test gross features, like the presence of the relevant operator(s)

1 1 Tm?
o ) V(h) = smih® + - Th py3
> Vi=-AH"+ 5 [H ’
LLl 200% correction  Possible 1st order

to SM prediction phase transition
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http://arxiv.org/abs/hep-ph/0407019
http://arxiv.org/abs/1504.00355

Dynamics of EW phase transition

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition
(not the only option but the only one that can be tested at colliders)

v 15T order

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHC#Big Bang machine)
finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mp < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings
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GW interact very weakly and are not absorbed

direct probe of physical process of the very early universe

possible cosmological sources:

inflation, vibrations of topological defects, excitations of xdim modes, 15" order phase transitions...

typical freq. ~ (size of the bubble)?! ~ (fraction of the horizon size)™
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The GW spectrum from a 15" order electroweak PT

is peaked around the milliHertz frequency
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http://arxiv.org/abs/hep-ph/0607107
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http://arxiv.org/abs/hep-ph/0607107

Window to early universe
complementary GW - Colliders

EWPT is 1* order giving rise to GW stochastic background
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http://inspirehep.net/record/1482923

h3 Extraction @ LHC

Notoriously difficult
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h3 from HH: issue with second minimum

pp colliders ee colliders
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C/?f/‘SZ(op/?e érq/'ean F-L{fa/‘e Colliders 94 M%fpg, 4&(3 26—2%, 2019


https://arxiv.org/abs/1401.7340

h3 from hh@LHC now

Current constraints:

Obs.(exp.) limitona,, /o,,: S. Wertz,
Final state ATLAS CMS Higgs Couplings 2017
bb~yy 177 (162) 19 (16)
bbrr 30 (25)
bbbb 29 (38) 342 (308)
Srwwo S —_— —8.8 < Ky < 15
~yWW* 750 (386)

2015 (2.3-3.2fb™)

2015+2016 (13.3 fb™)
2016 (35.9 fb™)
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https://indico.mitp.uni-mainz.de/getFile.py/access?contribId=1&sessionId=1&resId=0&materialId=slides&confId=31

h3 from hh@HL/HE-LHC

HL/HE-LHC Higgs WG report
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+ HL-LHC can test the Higgs trilinear with O(50%) precision
057 <ky <15 at 68% CL

+ HE-LHC could test the Higgs trilinear with O(15-30%) precision

(projections vary significantly between different analyses)
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https://cds.cern.ch/record/2650162/

h3 from h@NLO@HL-LHC

M. McCullough ’14
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http://arxiv.org/abs/arXiv:1312.3322

h3 from h@NLO@HL-LHC

Ax? Degrassi et al'16
\ co y-=== ggF
35 - \ ]
- ] = ggF+VBF P g3
- \ ' p—
\ 308 I ¢F+VBF+VH A SM
S ! g h3
\ 25 ‘.‘ i VBF+VH+iH )
- . ! Cg C6G_
S j -~ LD 2 |HS = gy =1+ =L
- \ ’ A2 2 A2
B “ 'l mH
“‘

Worse than direct
determination via double Higgs
production but different
systematics and “easier’” analysis

R) © [—0.7, 4.2]
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http://arxiv.org/abs/arXiv:1312.3322
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h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

5 main production modes: ggFVBE WH, ZH, ttH

5 main decay modes: ZZ,WW,YY, TT, bb

Y4

WW

T

bb

ATLAS and CMS

—e— Observed 1o

Y

LHC Run 1 Th. uncert.
s A T Fie—oi— -
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ggF VBF WH ZH ttH

v = done since
Run 1 combination

I = 13 TeV results

oXxBr normalised to SM

C. Diaconu @ Planck’1?

|

B

Feletre Colliders

9%

WHEPS, Aug. 26-25, 2019



h3 @NLO vs h @ LO in global fit

Good sensitivity (O(5-10-20)%) on 16 channels @ HL-LHC

Process Combination Theory Experimental

ooF 0.07 0.05 0.05

VBF 0.22 0.16 0.15

H — vy {TH 0.17 0.12 0.12
WH 0.19 0.08 0.17

/H 0.28 0.07 0.27

ooF 0.06 0.05 0.04

VBF 0.17 0.10 0.14

H—Z7 ttH 0.20 0.12 0.16
WH 0.16 0.06 0.15

/ZH 0.21 0.08 0.20

ggF 0.07 0.05 0.05

H= W Spp 0.15 0.12 0.09
H — Z~ incl. 0.30 0.13 0.27
- WH 0.37 0.09 0.36

H = bb ZH 0.14 0.05 0.13
H — 7t~ VBF 0.19 0.12 0.15

Estimated relative uncertainties on the determination of single-Higgs production channels at the
HL-LHC(14 TeV center of mass energy, 3/ab integrated luminosity and pile-up 140 events/bunch-crossing).

ATL-PHYS-PUB-2014-016

Chris Z‘op/?e érq /'ean

ATL-PHYS-PUB-2016-008
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h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

5 main production modes: ggFFVBE WH, ZH, ttH
5 main decay modes: ZZ,WW,YY, TT, bb
a priori up to 25 measurements

but for an on-shell particles, at most 10 physical quantities
since only products 0xBR are measured = only 9 independent constraints

s = BRI/ f o st
e = = e (BRIf)su pi = 14 ops + op

linearized BSM perturbations

fi — fi+0 ph — pf—o

cannot determine univocally 10 EFT parameters!

one flat direction is expected!
Christophe GGrojean Fedwre Colliders 95 LA EPS, 44(3. 26-2%, 2019



h3 @NLO vs h @ LO in global fit

The fabulous 52 channels

Incl. single Higgs data
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one flat direction is expected!
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HL-LHC |0 bound
on related parameter

h3 @NLO vs h@ LO in global fit

nggs coupllngs varlatlon along the flat direction

+30

+30

1 +10t

+30

éc,

TGC

1 +10t

210 o0 10 &k %0

10 o0 10 k% 10

10

1. T8 18 BIIATA

The particular structure of this flat direction tells that adding new data on diboson or h-Z7 won’t help much

Chris Z‘op/?e érq /'ean

cannot determine univocally 10 EFT parameters!

one flat direction is expected!
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Does h3 modify the fit to other couplings?

Incl. single Higgs data

0.4~ —_— 0.10—mMm™————————+———+—————————————
i 3ab™' [ |6k Al<20 3ab™" ]
I 1 |6KA|<10
0.2+
> 0.0
1: -0.2 |SkAl<10
ﬁ |6k 2|<20 I
© o4 ] 00 ‘
e ’ -0.2 0.0 0.2 0.4 0.6 " -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
= Oy; OYp
>
A

Figure 3. Constraints in the planes (dy:, ¢y4) (left panel) and (dys, ¢y) (right panel) obtained
from a global fit on the single-Higgs processes. The darker regions are obtained by fixing the Higgs
trilinear to the SM value k) = 1, while the lighter ones are obtained through profiling by restricting
dk in the ranges |dr )| < 10 and [dkx| < 20 respectively. The regions correspond to 68% confidence
level (defined in the Gaussian limit corresponding to Ax? = 2.3).

In models with parametrically large h3, fit with £; @ NLO can differ from LO fit by a factor 2.

But this concerns only particular BSM models, in most models k; ~k; and NLO effects are negligible.

Furthermore, HL-LHC will already measure h3 at 50%,

so even in the extreme case, the NLO effects are limited to 20-30%
CAhristophe érq/'ean Fedwre Colliders 99 LA EPS, 4&(3 26-2%, 2019


https://arxiv.org/abs/1704.01953

What about (low energy) ete- colliders?

| main production mode (ZH) & | subdominant production (VBF)
+ access to full angular distributions (4) and/or beam polarizations (2)

7 (*+2) accessible decay modes: ZZ,WW, v, Zv, T, bb, gg, (cc, UH)

no flat direction is expected!

sz vs. OkK,, profiling over other parameters

Don’t need high-energy ee to measure h?

|) with a run at 240 GeV only, bound starts to become meaningful only
if perfect control of di-boson

2) combining 240+350 improves significantly the bounds on h3

3) combination FCC-ee and HL-LHC is very powerful
(especially if cannot afford FCC-ee @ 350GeV)

0V
[ | === HL- LHC + FCC-ee 240GeV(10/ab)+350GeV(2.6/ab) [0.36, 0.31]
- == HL-LHC + FCC-ee 24OGeV§10/ab;+35OGeV§500/fb; 0.57, 0.54]
8f range given by different assumptions on TGC measurements (e*e”->WW)
f Tl HE
6 o j
e % | i
< | ¥
4 L
’ ) | i
L “ \ ¥ :.
S
2 R I ::
AN
““\ ./:"
0 . "OJ‘ ) \ \ ! \ \ \
-2 0 2 4 6 8 | M. Riembau, T. Vantalon ‘17
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S. Di Vita, G. Durieux, C. Grojean, dJ. Gu, Z. Liu, G. Panico,

See also F. Maltoni, D. Pagani, X. Zhao ‘18
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http://arxiv.org/abs/arXiv:1711.03978
http://arxiv.org/abs/arXiv:1802.07616

Future prospects for h3 measurements

bounds on 6k, from EFT global fit

-2 -1 0 1 2 3

LA L . . L L
e 68%,95%CL bounds, lepton collider only
B 68%,95%CL bounds, combined with HL-LHC
XX XXX 88% CL bounds (combined with HL-LHC)
- -—- - 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)
HL-LHC +120114TeV(3/ab), rates & distributions
CEPC 11 240GeV/(5/ab) only (CEPC)
& _ *0.781240GeV/(5/ab)+350GeV(200/fb)
FCC-ee 41240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
+0491FCC-ee with zero aTGCs
ILC +1131250GeV/(2/ab) only
19831 950GeV/(2/ab)+350GeV(200/fb)
+0-241above + 500GeV/(4/ab) ,
020 Direct measurement
+0. 1TeV(2 .
wiz|above + 1TeV(2/ab) from HH production
CLIC *0331 350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV/(2/ab)
+0321 . Zhh at 1.4 TeV
*0281binned My, in vvhh (4 bins)
-2 3
A
oK) (= == - R
3 A ) s.DiVitaetal ‘17
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http://arxiv.org/abs/arXiv:1711.03978

Future prospects for h3 measurements

bounds on 6k, from EFT global fit

-2 -1 0 1 2

L LA L S S AL S S N S S
e 68%,95%CL bounds, lepton collider only

B 68%,95%CL bounds, combined with HL-LHC
XX XXX 88% CL bounds (combined with HL-LHC)

-+ 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)
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M S.Di Vita et al ‘17
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HL-LHC new projections

3 improved by factor 2-3 vs 2013

CLIC new projections also
improved by factor 2-3

o HL-LHC
14TeV(3/ab), rates & distributions
HE-LHC
240GeV(5/ab) only (CEPC)
240GeV(5/ab)+350GeV/(200/fb) FCC-hh
240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)
FCC-ee with zero aTGCs FCC-ee
ILC

250GeV(2/ab) only
250GeV(2/ab)+350GeV(200/fb)
above + 500GeV(4/ab)
above + 1TeV(2/ab)

CLIC (stage )

Direct measurement
from HH production

350GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)
+ Zhh at 1.4 TeV
binned My, in vvhh (4 bins)

Futere Colliders 10!

bounds on 0K )

—1 0 1 2
T I T T T T T I T T T T
-0.43 +0.50
-0.90 +1.30
-0.2 +0.2
-04 +04
-0.05 +0.05
-0.10 +0.10
] 1 1 1 1 ]
I T T 1
57 ] s
-0.77 +0.80
-0.18 +0.20
-0.34 +042
-0.07 +0.11
-0.14 +0.22
1 ] 1 1 1 1 1
—1 0 1 2

Jan. ’19 Update

Don’t need high-energy ee to measure h3

FCC-hh can probe quantum corrections to h3

WHEPS, Aug. 26-25, 2019


http://arxiv.org/abs/arXiv:1711.03978

Future prospects for h3 measurements

ECFA Higgs study group ‘19

Higgs@FC WG | di-H, excl. Jl di-H, glob. [l single-H, excl. I single-H, glob.

All future colliders combined with HL-LHC

HLLHC | e
HE-LHC i = = = ;
FCC-ee/eh/hh | S S F
FCC-eh,,, | ' '
Egg'eem e w—— I S N Don’t need high-energy
-€e % : : = 5 s o
?“65 °c:> .......................... L S D ............ ee to establlsh
FCC-ee;,,;, o - : ; ; 5 :
ILC the existence of h3
250 ...............................................................................................................................................
ILC,,,
Lco o
II_(':1000
CEPC
CLIC,,,
cLiC ............
CLICSOO-(;O/0+ IO; .......................... E. ......................... E. ......................... E ......................... é.-"""“-"""“"""-E ............ What Sort OpreCiSion Should We aim for‘?
% 10 50 30 40 50 — . 25?conﬁdencz it exi;tzsé) P;round 50% accuracy
OO oo' ) S . ]
August 2019 68% CL bounds on . [%] . o discovery: Aroun b acCuracy.
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http://arxiv.org/abs/arXiv:1905.03764

Sensitivity from measurements at high E

Christophe GGrojean Feture Colliders 103 WHEPS, Aug. 26-25, 2019



Particle or not Particle?

 Nima: “If you do particle physics with the goal of
discovering a new particle, better you think what to do with
your life now.” (in the context of “direct discovery” vs
“Indirect/precision physics” at future colliders) LHCP 2017

New physics doesn’t necessarily mean new particle,
it could also mean new dynamics.
And it could reveal through precision measurements

...........................................................................................................................................................................................................

“energy helps accuracy” Farina et al '16
A—OO x E? 0 sensitivity of 0.1% @ 100GeV = sensitivity of 10% @ |TeV

CLIC: best accuracy from great sensitivity & large energy

CAhristophe 6rq/'ean Feletre Colliders 104 LA EPS, 44(3. 26—2%, 2019



@ ® ’
Particle or not Particle!
oy [ dotted: sTev, 200" ]

[ i . 13TeV, 0.1ab™" |
10l ]l solid: 13TeV, 0.3ab™" |
: i E dashed: 13TeV, 3ab™"
i e.g.
T o measurement of p* EW oblique parameters form DY
-5 SN {
_10:_ LEP I-II
i pp->/*r {l : :
[ pp-/lv i ;
“15h | R A :
-15 -10 -5 0 5 10 15
W=x10*
LEP LHC13 FCC 100 | ILC | TLEP | CEPC | ILC 500 | CLIC 1 | CLIC 3
luminosity | 2 x 107 Z | 0.3/ab //B/ab \| 10/ab 107 | 10127 | 10197 3/ab 1/ab 1/ab
W x10% [—19, 3] +0.7 || £0.45 +0.02 +4.2 | +1.2 +3.6 +0.3 +0.5 +0.15
Y x10% (—17,4] +2.3 |\ £1.2 )| +0.06 +1.8 | +1.5 +3.1 +0.2 ~ +0.5 | ~=+0.15
¢¢ b B
energy helps accuracy
AQO
— X
@,

Farina et al '16
E*> @ sensitivity of 0.1% @ 100GeV = sensitivity of 10% @ |TeV

CLIC: best accuracy from great sensitivity & large energy
CAhristophe érq ean

Feletre Colliders 104

WHEPS, Aug. 26-25, 2019
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Composite Higgs

Assuming composite Higgs, elementary gauge bos.:

1 1
£BSM — — 5 £[9*H ngwa ]
m3 9*
S- parameter 2 [De Blas et. al.] (LEP: 107?)
9uwd' ——
oy HouHW, B - 5-— He
Higgs Couplings . [ee Report] (HL-LHC: 5%) !
p 2,2 3
i—é%\ﬂl%‘“\ﬂlz > iy — gjz <310 & |8
W : (energy + accuracy) HL-LHC<10™%)
2
G
g*m2 (DuW,p)? Wy W = s < 1070 1] W
10 20 30 40
m, [TeV]

Grojean-Wulzer @ FCC physics week ’17

Feletre Colliders

105

WHEPS, Aug. 26-25, 2019


https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf

Composite Higgs

Assuming composite Higgs, elementary gauge bos.:
Composite Higgs, 20, HL-LHC

10 =
E)urrent (LEP). Approximatej
= |
i
| E:rom mw, SW] .
6 - . [] Direct
i

—

\ 1 cow

2 4 6 8 10
m, [TeV]

Wulzer @ Granada ESU 2019

Christophe GGrojean Feture Colliders 105 WHEPS, Aug. 26-25, 2019


https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf
https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

Composite Higgs

Assuming composite Higgs, elementary gauge bos.:
Composite Higgs, 20, HE-LHC

5 10 15 20
m, [TeV]

Wulzer @ Granada ESU 2019

Christophe (Grojean Fetere Colliders 105 W EPS, 44(3. 26—2%, 2019


https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf
https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

Composite Higgs

Assuming composite Higgs, elementary gauge bos.:
Composite Higgs, 20, FCC¢e vs HE-LHC

1 HE-LHC

Co
D Cw
Ll cow

5 10 15 20 25 30 35 40

m, [TeV]
Wulzer @ Granada ESU 2019
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https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf
https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

Composite Higgs

Assuming composite Higgs, elementary gauge bos.:
Composite Higgs, 20, FCCy,

[]1 Direct

cq(eelhh/eh)
[] Cw(hh)
1 cow(hh)

10 20 30 40 50 60

m, [TeV]
Wulzer @ Granada ESU 2019

Christophe GGrojean Feture Colliders 105 WHEPS, Aug. 26-25, 2019


https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf
https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf
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Composite Top

Composite tR, comp. I
1 1

Iggs, elementary tL and gauge

‘CBSM — 9 9 ‘C_g*tRathLag*Ha g’wv,uaa,u]
my gx
] 10 --------------------
ttH coupling @hh/ee: [Reports] (HL-LHC:10%)
5 ttH@hh/ee
eds = |H|%q, Hig » L g* <2102
lef oper.s comb. |n ee and hh!! ttV@ee/h
ttV coupling @ee/hh: [Janot/Farina et.al]
3_
gz o m gty g* —2 x
T HVD  Hipy't <10
m? RY'IR » . >
Same hh reach from en. + acc.?
Zbb coupling @ee: [ee Report] (LEP:10?)
2 5 2
g& HTﬁMHGL’y“qL—F..» % = Z—é <2104 1 : ZbbQ@ee
IIII5IIII10””15””20
m, [TeV]
Grojean-Wulzer @ FCC physics week
Futere Colliders 106

17
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https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf
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Composite Top

Composite tR, comp. Higgs, elementary tL and gauge

I 1

Lisv = —5 — Llg+tr: vear, 9+ H, 9wV, 0,.]

s gs

ttH coupling @hh/ee: [Reports] (HL-LHC:10%) 10

Oyt

lef oper.s comb. |n ee and hh”
4-top contact interactions @hh:

ttH@hh/ee

41[3TeV]

2 1 . 3 B

i—z@R’th) » g_* < A—?Lt o))
2 ) 21 4t[6TeV]
mtz TR GaMIY » t Azzlt

1
g2yt 2 (QL’YMQL>2 » gyt < Aé21t 1
No study available (?) i \/
5 10 15 20
m, [TeV]
Grojean-Wulzer @ FCC physics week ’17
Fedwre Colliders 106

WHEPS, Aug. 26-25, 2019


https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

Chris 2‘0/9/78 Grq ean

Composite tR, comp. Higgs, elementary tL and gauge

10_'

Composite Top

Durieux, Matsedonskyi ‘18

CLIC
® hvv, hZ, WW, tth :
o ee-ff

10 20 30 40 50
m,[TeV]
Fedwre Colliders 106

W EPS, 44(3. 26-2%, 2019


https://indico.cern.ch/event/550509/contributions/2413811/attachments/1397622/2131428/talk.pdf

Composite Top @ CLIC

Riva @ Top@LC 17

< _ —
N HYD, HU?~# 3 U o' HULF,,, Ty, W33
6 N
f 7, P T,
B BSM . p— . _I_ —|—
e ’ R
2
v vE E?
D VERAS A N VE RRAN VE
best measured @ threshold best measured @ talil
M > /cras 8 TeV M ~ 30 Y2 oy
g .
N - U3 oY HUSF,,
‘e t
W\ --n = .
€
z t y

Christophe Grojean Feture Colliders 107 WHEPS, Aug. 26-25, 2019


https://indico.cern.ch/event/595651/contributions/2583392/attachments/1472681/2279481/LCtop.pdf
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Composite Top @ CLIC

Riva @ Top@LC 17

H'D, HU3~*p3
1L perfect top reconstruction, no syst. | 1
T 50% top reconstruction, 3% syst.
€ > _
t 1071 13
| S
BSM ) -
l ed
— t E +1072 10 &
) — @)
¢ < % g :
<
E? :
mJ 3
CHWU 172 ; 1
Cq)t Cff,lq)[ C((;a CtW

Grojean, Wulzer, You and Zhang ‘in progress

Federe Colliders 07 UWHEPS, Aug. 26-2%, 2019


https://indico.cern.ch/event/595651/contributions/2583392/attachments/1472681/2279481/LCtop.pdf

Composite Top @ LHC

Exploration of energy growing processes at LHC

(1) i, e Jog(riot)
pp- tth Opo . ,Og(r;;) R tfh : O(l)log(ri,i) o 10g(reot)
* max lim p p 'I ¢Q ¢ log(rkxe)

* max lim

(3)
Op0

(9(ptb

Impact of operator
vs. SM

Maltoni, Mantani, Mimasu ‘19

Ot
Ot
“inclusive” analysis
® 4 can have a factor 10 effect for the operators
® “high-E” analysis that lead to an effect growing with E

New interesting analyses to be done to maximise EFT sensitivity in top measurement!

CAhristophe érq/'ean Feletre Colliders 10 LA EPS, 44(3. 26—2%, 2019


https://arxiv.org/pdf/1904.05637.pdf

Other BSM searches at future colliders

Christophe (Grojean Feture Colliders 109 WHEPS, Aug. 26-25, 2019



AXxion Like Particles

* ALP associated production with a photon or Z

Material from A. Thamm

e y 103F J 103F | 1
| _ | _ | CLIC380 L =0.5ab!
a ~ - - : -
Z ’ } Collider Collider CLICi500 L =1.5ab~!

—_—
T
—_—

T

CLICgOOQ L=3 ab_l

|/A[TeV™']
\“Q;a‘é\

|/A[TeV™']
w“(‘&&

LSW < LSW
L O L
. SRS S8
e Y O 107 O 107 FCC-ee
Astrophysics i i Astrophysics
= v+ E,,ss forvery light a _ _ _
i Helioscopes - A Helioscopes e
= yy forlight a ool e'e — ya | ete” — Za |
= YYY for heavier a 10—15' '10'—12' '10'—9' '10'—6' '10'—3' 1 1(')3 10°5 102 107 10- 103 1 10°
m, [GeV] m, [GeV]
[ ] [ ] [ ] h T T T T T | T T T T T Y T T T T T T T T T T T T
« ALP associated production witha H - ] e o5
CLICi500 L =1.5ab~!
— ] ey — %
n Oa in O:Ib
> Cpy > 2y
= = CLIC3000 L = 3ab™!
< <
%\% Edelweiss %\E Edelweiss
< 107t X107 FCC-ee
| Red Giants | | Red Giants
10 ete” — ha 0 ete” — ha
107° ‘ ‘ 10"6 ‘ ‘ 10"3 ‘ ‘ i ‘ ‘ 163 1070 ‘ ‘ 10"6 ‘ ‘ 1673 ‘ ‘ i ‘ ‘ 163
m, [GeV] m, [GeV]
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FCC is also a flavour factory

o Lepton flavour universality is challenged in b — s £*£~ transitions @ LHCb
¢ This effect, if real, could be enhanced for £ =<, in B— K®* t*t"-
e Extremely challenging in hadron colliders
e With 102Z — bb, FCC-ee is beyond any foreseeable competition
= Decay can be fully reconstructed; full angular analysis possible

4 & = —r1 r 1A

o 120 — i
% J.F. Kamenik et al. > 1 FCC-eeI : Als0 100,000 Bs— T'T” @ FCC-ee
M & 100F - Reconstruction efficiency under study
Dé' S 80: BO— K* (892) v+t~ |

Q N -
: 2 of
4= f’E’ 60
@ o |
o= > =
& W 40 $ 17:90-
) B o Today (2018)
@ C B
2 20_— ?’ 17.85—

&

0 LTI BT L LT T PR .. N e 5 17.80 -
4.5 5 5.5 6 6.5 FCC-ee
u u u rI]Bg, GeV/C2
o  Not mentioning lepton-flavour-violating decays 7 > \

¢ BR(Z — et, ut) down to 109 (improved by 10%)

Lepton universality with
m,=1776.86 + 0.12 MeV

¢ BR(t — uy, uuu) down to a few 102°

I
290 291

+ tlifetime vs BR(t — ev,v,,uv,v,) : lepton universality tests 1 lifetime [fs]

Christophe GGrojean Federe Colliders i LA EPS, 44(3. 26-2%, 2019



FCC is also a flavour factory

Observable

Current sensitivity Future sensitivity

Tera-Z sensitivity

BR(B; — ee)

BR(B; — )

2.8 x 10~ 7 (CDF) [10] ~ 7 x 10710 (LHCD) [18]

0.7 x 10~° (LHCD) [8 ~ 1.6 x 10710 (LHCb) [18]

~ few x 1071V

~ few x 1010

BR(B; — 77) 5.2 x 1073 (LHCD) [9] ~ 5 x 10~* (LHCb) [18] ~ 1075

- Rk, Ry ~ 10% (LHCD) [5, 4]  ~few% (LHCb/Belle II) [18, 40] ~few %

§ BR(B — K*r7) - ~ 107° (Belle II) [40] ~107%

I BR(B — K*vv) 4.0 x 105 (Belle) [44] ~ 1076 (Belle II) [40] ~ 1076

g BR(Bs — ¢vir) 1.0 x 107° (LEP) [15] - ~107°

E BR(Ay — Avi) = = ~107°

&

% BR(7 — uy) 4.4 x 10~® (BaBar) [24] ~ 107" (Belle II) [40] ~ 107

= BR(T — 3u) 2.1 x 107% (Belle) [37] ~ few x 1071Y (Belle II) [40] ~ few x 1071Y
S 3.9 x 1073 (BaBar) [23] ~ 1072 (]E‘lle I1) [40] ~ 107"
BR(Z — pe) 7.5 x 10~7 (ATLAS) [3] ~ 107 (ATLAS/CMS) ~ 107 —10~ 1
BR(Z — 7e) 9.8 x 10°° (LEP) [17] ~ 107% (ATLAS/CMS) ~107% — 10~ 1
BR(Z — 1) 1.2 x 107° (LEP) [13] ~ 107°% (ATLAS/CMS) ~107% — 10710
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BSM searches away from high-energy colliders

Christophe GGrojean Feletre Colliders 12 LA EPS, 44(3. 2625, 2019



BSM and Atomic %m

Christophe GGrojean Federe Colliders I3 WHEPS, Aug. 26-25, 2019



Atomic Clocks as a BSM probe

n=3
Physics beyond QED contributes to
SN the frequency of the radiation
n=1 * W
. AE = hf 1 1 1
+7 — 2
iy X_RZ (’I”LQ_TL’Q)
4(0)|? /n? is the wave-function-density at the origin.
2
B _8GFmZZO gega € "z0 5Eweak _ _8GFmZ ge9A 0 2@
Vweak(r) — \/§ A r * nlm \/i 47_‘_m2Z ‘w( )‘ ng
fifth force =_— ?

Exp sensitivity in atomic clock measurements O(10-!8)
(ms over one billon years)

Can be used to detect new (long range) forces

Christophe (Grojean Federe Colliders Il WHEPS, Aug. 26-25, 2019



Isolating the signal: isotope shifts
5”3;414’ = K, ,uA;/ —+ F;5<T22>AA/ -+ HZ(A — A/)
mass shift field shift BSM or NLO SM/QED

K; and F; are difficult to compute to the accuracy needed
but they are the same for different isotopes

. W. H. King,
The King Plot J. Opt. Soc, Am. 53,638 (1963

First, define modified IS as mév'y ,, = v’y 4/ /ptan

Measure IS in two transitions. Use transition 1 to
set 0(r°) 44/ /a4 and substitute back into
transition 2:

m5u§m, — K21 -+ Fglméuim, —

Plot mdvy 4/ vs. mdv? 4, along the isotopic chain

Needs to measure 2 atomic transitions with at least 4 isotopes

Christophe (Grojean Federe Colliders s LA EPS, 44(3. 26-2%, 2019



Chris Z‘op/?e 6/‘9 /'ean

Isolating the signal: isotope shifts

i — VY

; :
1 . 2 /
oV ar = K phaar + F;0(r*) anr + H;i(A— A")
mass shift field shift BSM or NLO SM/QED
I<l and F AN r];mn11]+ i e Walat oot ot BE el ey 'l-]*\n = VaVal B R alaWah 2 needed
-1970 T T r T : . T
b = -1974.0f "1 Gebertetal. (2015) S
g
& | _ +
E 1975} @ —> 19741 + IS Ca_ |
<
g , \ :

g 357.4 357.8
% 1980} ° 1090,
E | :
= -1990.2}
= : :
% -1985T 19T ' 408.8 4092
é 1979.2} % - T
E -1990 o
"g 3735 3739
=

-1995 L— - - ' ' ' ' _

350 360 370 380 390 400 410 420
Modified Isotope Shift mdv,,,,, (GHz amu)

Y AAS

» Plot mdvy 4, vs. mdv?% 4, along the isotopic chain

Needs to measure 2 atomic transitions with at least 4 isotopes
Federe Colliders s UWHEPS, Aug. 26-2%, 2019



Constraining light NP

As long as
King linearity deviation is
not observed,
one can bound
new physics sources
More tricky to interpret
if a signal is observed

Chris Z‘op/?e érq /'ean
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arXiv:1704.05068v1 [hep-ph]
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https://arxiv.org/abs/1704.05068

EONM
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Electric Dipole Moment

_ d -
Laipote = —%%WFWQ — ST iy F, 0 P |
i Non-relativistic limit dﬂ“ 3 d¢
, , — d
IS IS t
H:—MB'E—dE‘g T+

Nonvanishing EDM breaks CP

SM predictions : 3 N de/e -~ 10—40 cm

§§ E % SM contribution is ridiculously small
e EDM is clear signal of New Physics

Feletre Colliders s

WHEPS, Aug. 26-25, 2019



EDM - experimental status

SCience Science 343, p. 269-272 (2014)
de] <9.4-107%% ecm at 90% CL

filif ROUND I THE ELECTRON?

AVAAAS

de| <0.5-100%ecm  (ACME II)

de| £0.3-107%ccm  (ACME III)

de| <107 e cm arXiv:1704.07928
de|] <5-107% e em  anxivigoa.10012
de| S 1077 v;

el e Ccm arxXiv:1710.08785

Christophe GGrojean Federe Colliders g LA EPS, 44(3. 26-2%, 2019
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EDM as a BSM pro

be

Panico, Riembau, Vantalon ‘17

e.g., EDM can help testing the presence of top partners in composite Higgs models

Ct

LHC
4-plet 14+1 y4=1 ¢=0.1
30 T R ‘I L B S 7 S — L R A L
— Lo ' ATLAS ]
[ Lo - == f+ets 36.1/fb ]
25¢ S o= s 32/ ]
L LHC 13 TeV 1 | CMS ]
20EL /s === f+jets 359/fb ]
[ 7 oSS 0359/ ]
E 1/ el 4
G 15E /i;,.,’ [//71:()? N
A5 )
[ s A
10 === v | 03-""7
r /’/ ,l’ : ----------- d
r ’ N ISP Ll ]
S Ay ACME Sin(Arg ¢) = 1 ]
N | ! i
00 T I T T S T S S S AN S S SO IS S M B
1000 1200 1400 1600 1800 2000 2200
my,, [GeV]
FCC-hh
4—plet 14+1 V4 = 1 (f =0.05
0.35 [ T U T U™ .l T T T T "r T T T T T T ]
; 005 ]
0.30F FCC 100 TeV / -
r 01 ]
025 vl ]
0.20 — Py (;‘\';’é
0.15F 3
0.10 :" -—__0‘3_—_
0.05 :,—*’ ST ]
- fmnmm ACME I1I Sin(Arg ¢;) = 1=
OO &~ L L ]
6 8 10 12 14 16
I/I’lxs/3 [TGV]

Ct

4-plet 14+1

HL-LHC

ya=1 &=01

15L LHC 13 TeV )
' 037
10k ]
o I
0.03
0.5 f——"'-" Sin(Arg ¢;) = 1
; o —— ACME ]
i 1 ' ACME 1I -
00 Bl ol ] el sl Sl i IS S ET U S |0.'3. P S S S RS SR R
1200 1400 1600 1800 2000 2200 2400 2600
my;, [GeV]
FCC-hh
4—plet 14+1 y4=1 &=001
0350 e
i 005 /:
0.30F FCC 100 TeV .- et
C Tt e /,0.1 1
025F e ]
020§
~Q P
0.15F NN P ]
N \Q /”,
0.10E" - _..03-3
0055 T ;
e ACME 111 Sin(Arg ¢;) = 17
0.00 &=r=
6 8 10 12 14 16
I’I’lXS/3 [TGV]
1<J

raueure Corrnaers

WHEPS, Aug. 26-25, 2019


http://arxiv.org/abs/arXiv:1712.06337

Newtron-antineatron m@%ﬂfm
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Baryon number violation(s)

Why are we expecting B violation(s)?

1) Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral
baryon oscillations?

2) Global symmetry are not consistent with quantum gravity
3) Need to generate matter-antimatter imbalance

Selection rule

conservation of angular momentum = spin of nucleon should be transferred to another fermion
1) AB=AL (nucleon — antilepton)
2) AB=-AL (nucleon — lepton)
3) AL=+2 (OVRP)

4) AB=x2 (nn oscillations, dinucleon decays)

Proton stability doesn’t exclude baryogenesis!

If h3 coupling is SM-like, unlikely that baryogenesis occurs at weak scale
Large scale baryogenesis requires B-L violation
otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons
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Constraints on Baryon # violation

Partial mean life

Mode (1030 years) Confidence level
Antilepton + meson
n N— etrx > 2000 (n), > 8200 (p) 90%
5 N— ptax > 1000 (n), > 6600 (p) 90%
T3 N— vr > 1100 (n), > 390 (p) 90%
s p— eTnp > 4200 90%
5 p— putp > 1300 90%
Te n— vn > 158 90%
7 N— etp > 217 (n), > 710 (p) 90%
5 N— utp > 228 (n), > 160 (p) 90%
) N— vp > 19 (n), > 162 (p) 90%
To pP— eTw > 320 90%
11 P — ;ﬂLw > 780 90%
T2 N — vw > 108 90%
13 N — etK > 17 (n), > 1000 (p) 90%
T14 p — e+ K%
715 p — e+ K(Z
s N — ptK > 26 (n), > 1600 (p) 90%
Ti7 p— utKY
T18 p— utK9
719 N— vK > 86 (n), > 5900 (p) 90%
T20 n— vKY% > 260 90%
™ p— et K*(892)° > 84 90%
T N — vK*(892) > 78 (n), > 51 (p) 90%
Antilepton + mesons

T3 p— etata~ > 82 90%
Tog P — et 7070 > 147 90%
To5 N — etn— 70 > 52 90%
T P — /ﬁ' T~ > 133 90%
T27 P — /ﬁ' 7070 > 101 90%
T N — ,u'*'7r‘ w0 > 74 90%
T n— et KOnx~ > 18 90%

] ] Partial mean life
Partial mean life Mode (1030 years) Confidence level
Mode (1030 years) Confidence level
Lepton + meson 66 pp— wiat > 722 90%
T30 n— e mt > 65 90% 67 pn— w0 > 170 90%
31 N — at > 49 90% Teg NN — ata~ >0.7 90%
T30 n— e pt > 62 90% T69 Nn — 7070 > 404 90%
733 n— p pt >7 90% 70 pp— KTKT > 170 90%
T34 n— e Kt >32 90% 71 pp— eteT >5.8 90%
T35 n— p” KT > 57 90% 79 pp— etput > 3.6 90%
+,,+ 0
73 PP — pTu > 1.7 90%
o Lepton + mes°":0 oo T4 pn— etw > 260 90%
B P € WM > i 90(; 5 pn— ptw > 200 90%
737 n— e 7r+7rJr > ° 76 pn— TV, > 29 90%
- 0,

38 P M 7r+ 7r0 >17 900/" T77 NN — Velg >1.4 90%
739 n—opmom >34 90% T78 nn— v, U, > 1.4 90%

a0 p— e whKT > 75 90% e
- K  oas 0% T79  pn — invisible >21x1075 90%
a P # ’ Tgo pp — invisible >5x 1070 90%

Chris Z‘op/?e érq /'ean

AB=AL=1 decay bounds

AB=-AL=1 decay bounds  AB=2/AL-=0 decay bounds*

*For flavour universal models, nn gives the strongest
constraints. For other flavour setups (e.g. MFV-RPV
susy), dinucleon decays might be win
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Pattern of B violation in SM(EFT)

L Lov  + dim-5 + dim-6 + dim-7 + dim-8 + dim-9 + ... |
aHOWQd (0/ 0)/ (0/ 2)/ (0/ 0)/ (21 O)/ (1/ _1)/
ouAT an a4 0209
Ovpp decay proton decays neutron-antineutron oscillation
e —
d—cr U
RY €
S —€
d—= u
n;d————dip
u/ u
Apn [ GeV

Slide stolen to Z. Zhang @

Pascos’18 3x10°F
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“’<§ B cy
3x10° B C56
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http://inspirehep.net/record/1449902
https://indico.cern.ch/event/706475/contributions/3000533/attachments/1663342/2667074/nnbarZZ_pascos18.pdf

Late decay scenario Early decay scenario

AX] / GeV

Baryogenesis

Grojean, Shakya, Wells, Zhang ‘18

AX2 ~ AC >> AXl

107 C 107

3x10°}

100}

3x105}

AX1 >> A‘X2 > AC

Y

o

T |vs=8.6x107""] ¢

MX2 / GeV

Explicit realisation of late decay scenario:
RPV SUSY with late decays of the bino in presence of a wino/gluino

[F.Rompineve, 1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]

nn oscillations can probe direct baryogenesis scenarios @ 105-6 GeV
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http://inspirehep.net/record/1676081
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PBHs as DM
levaporation > 10%4 (J\]{fH)S year * Mppr > 107" Mg
®
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Katz+ 1807.11495
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https://arxiv.org/pdf/1807.11495.pdf
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PBH abundance

Production of PBH is still subject to research and debates
(gravitational collapse of large over-densities during inflation?
Topological defects?...)

opym ~ 0.3 GeV/cmS ~ 10_15M@/V501ar system

So, if
—16 : —13
MPBH ~ 10 M@, 1.€., RSch ~ 10 CIn

we expect a few in the Solar system

How can we detect such PBHs living in the Solar system?

Feletre Colliders 125

WHEPS, Aug. 26-25, 2019



A PBH orbiting around Earth

Grojean, Panico, Ruderman et al, in progress

Is there a black moon around Earth and interacting only gravitationally?

A black moon between the Earth and the Moon will induce a
variation of the distance Earth-Moon, this distance is
measured with an accuracy of 1mm (10-11 relative accuracy),
even though there is large theoretical uncertainty.

de—praMPBH
Ad@_o —

numerically

& L o
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A PBH orbiting around Earth

Grojean, Panico, Ruderman et al, in progress

Is there a black moon around Earth and interacting only gravitationally?

A black moon between the Earth and the Moon will induce a
variation of the distance Earth-Moon, this distance is
measured with an accuracy of 1mm (10-11 relative accuracy),
even though there is large theoretical uncertainty.
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Distance Earth-PBH
(in unit of distance earth-moon)

Can also use GPS measurements... T A L e iR o
Looking for a black moon with your cell-phone? MpeH/Msun
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http://inspirehep.net/record/1676081

Time to wrap up...
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Executive summary on status of BSM

BAD NEWS

Experimentalists haven’t found (yet)
what theorists told them they will find

GOOD NEWS

There are rich opportunities
for mind-boggling signatures
@ colliders and beyond



Once upon a time... Columbus had a great proposa

—— He had a theoretical model

» the Earth is round,

Conclusion

I,u
[ ]

reaching India by sailing to the West”

» Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia
» other measurements later found smaller values =Toscanelli’s map

plost in unit-conversion or misled by post-truth statements, Columbus thought it was only 70’000 stadia, so he believed he

could reach India in 4 weeks

——|He had the right technology

» Caravels were the only ships at that time to sail against the wind, necessary tool to fight the prevailing winds, aka Alizée.

Actually, the Vikings had the right technology too but the knowledge was lost
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Conclusion

Once upon a time... Columbus had a great proposal:“reaching India by sailing to the West”
—— He had a theoretical model

» the Earth is round,

» Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia

» other measurements later found smaller values =Toscanelli’s map

plost in unit-conversion or misled by post-truth statements, Columbus thought it was only 70’000 stadia, so he believed he
could reach India in 4 weeks

——|He had the right technology

» Caravels were the only ships at that time to sail against the wind, necessary tool to fight the prevailing winds, aka Alizée.
Actually, the Vikings had the right technology too but the knowledge was lost

His proposal was scientifically rejected twice (by Portuguese’s & Salamanca U.)
but fortunately the decision was overruled by Isabel ... and America became great (already)

Moral(s)
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Conclusion

Once upon a time... Columbus had a great proposal:“reaching India by sailing to the West”
—— He had a theoretical model

» the Earth is round,

» Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia

» other measurements later found smaller values =Toscanelli’s map

plost in unit-conversion or misled by post-truth statements, Columbus thought it was only 70’000 stadia, so he believed he
could reach India in 4 weeks

——|He had the right technology

» Caravels were the only ships at that time to sail against the wind, necessary tool to fight the prevailing winds, aka Alizée.
Actually, the Vikings had the right technology too but the knowledge was lost

His proposal was scientifically rejected twice (by Portuguese’s & Salamanca U.)
but fortunately the decision was overruled by Isabel ... and America became great (already)

Moral(s)
“if your proposal is rejected, submit it again” J. Mnich
“you need the right technology to beat your competitors” J. Fuster

“theorists don’t need to be right!
but progress needs theoretical models to motivate exploration”
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Breaking the HEP frontiers

new machines much wanted to
~~ open new horizons beyond LHC ~~
no lack of theoretical motivations
& plenty of physics issues outside the SM frame
from deep QFT questions ~~ to pressing phenomenological puzzles

* no BSM major discovery without a thorough understanding of SM background

* challenge: control theoretical uncertainty to the level of experimental sensitivity

* complementarity and synergy of electron and hadron machines

When thinking about any future big projects:

~~ 2 human characteristics to balance ~~

finite lifetime

, capacity of dreaming
(and awareness of it)
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Particle Physics is Exciting

B. Clinton, Davos 2011

Final Homework:
imagine what the current US president could say about science and HEP


http://ippog.web.cern.ch/resources/2011/bill-clinton-davos-2011

Thank you for your attention.
Good luck for your future career!

And thanks a lot to the organisers for
setting up this nice event!

if you have question/want to know more
do not hesitate to send me an emaill

christophe.grojean@desy.de
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