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Direct search (Bumps)

Indirect (scouting tails)

= New physics Is heavy

E E > EuLc

Framework to describe both precision physics and Heavy New Physics.
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The framework: SMEFT Luca Mantani
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* Modified interactions among SM particles
“ Higher dimensional operators preserve SM symmetries.
* Mappable to a large class of BSM models.

“* Truncate at dim 6: leading corrections
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O+ ...

Scale of NP

L=Lsy~+ )., %O? T Z@

* Modified interactions among SM particles

“ Higher dimensional operators preserve SM symmetries.

* Mappable to a large class of BSM models.

“* Truncate at dim 6: leading corrections

EFT to-do list

“ Define target operators: e.g. top-philic EFT [arXiv:1802.07237]
* Find optimal observables to probe them
< Compute with precision theoretical predictions (both SM and EFT)

+» Make accurate measurements



Why the top quark? Luca Mantani

The top quark is special.

* The top couples to the Higgs strongly.
* It is the heaviest particle in the SM (unitarity bounds lower).
* Couples to W boson through its decay, before hadronisation (neutral

gauge couplings less known).
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2 to 2 scatterings Luca Mantani

We consider generic 2 to 2 processes B — f'B’

Single-top Two-top (tt)
w/o Higgs | bW — t(Z/) tW —tW
t(Z/v) = t(Z/7)
w/ Higgs |bW — th t(Z/v) —th
th —1th

We study the processes in the high energy limit (s ~ -t >> v2) for each helicity
configuration, including the effects of the dim 6 operators.

As expected the maximum degree of growth of each amplitude is E2, while
for the SM they are at most constant in energy.
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Energy behaviour overview Luca Mantani

Many operators lead to maximal growth

Oup | Opo | O | Opw | Opws | Ow | O, | Ous | Ouw | OUL | O5L | Opi | Ouis

bW —»tZ| E | — | — - E |E*| - |E*|E*| E |E* | E | E* | .
5 T single-top

bW =ty | — | = | = - E | E*| - | E*| E = - | - | -
bW —th | — - - E - - | E| - | E*| - |E* | - | E?

Oup | Opo | Our | Ouw | Opws | Ow | O, | O | Ouw | 0L | 050 | O,
tW —stW | E | E | — E E |E*|\E | E | E* | E* | E* | E*
tZstZ | E | E| E | E E | - |E|E*|E|E|E|E two-top
tZ -ty | — | = | E | E E — | - |E2 | E*| - | = | = w/o Higgs
ty =ty - - E E E - - E E - - —

Oup | Opo | Ous | Opw | Opws | Ow | O | O | Ouw | OU) | O | O, | O,
tZ—sth| E | — | E E E - | E | E* | E* | E* | E* |E* | — two-top
ty—sth| — | — | E | E E | -|-|E|E|-|-1|-| -1 WHiggs
th—th| E | E | — = = - | E| - | - - - | - -

Energy growing interference is rare: only longitudinal configurations
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How to access the high energy behaviour of the 2 to 2 scatterings?

proton 1 proton 2

LHC collides protons

Embed the 2 to 2 scattering




Goingto2ton Luca Mantani

How does the 2 to 2 behaviour translates to 2 to n?
We can have an analytical insight with EWA (P. Borel et al. arxiv:1202.1904)

q C]/ E~zxE~(1—2x)FE, %<<1, ]?5<<1
f _ (1 o 513)2 pi
i r (m2(1l—x)+4p3)?’

1 Pl

f__w( 2(1—2) +p1)*’
fO ( ) 2m pL

X z (m2(1—x)+p3)%’

d Cﬂ
TEWAGX —qtY) = 5 Y fix do(WiX =)

dxdp | Z_+ B
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How does the 2 to 2 behaviour translates to 2 to n?
We can have an analytical insight with EWA (P. Borel et al. arxiv:1202.1904)

m pPL
q q E~zE~(1—-2)F, E<<1’ E<<1
2 3
f—|— L (1 o x) pJ_
— 5 )
z  (m*(1—=z)+p7)?
3
Y1 f _ l Pl
x ( (1 — )+ pJ_)
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An interesting process: tZW uca Mantani

ey log(r; p->tZ (9(1)109(”.") o 109(riot)

Oocp = - 0
oo = 114.6 fb ¢ . Iog(rflqg)
* MmaXxX iim

bW-tZ

.



uca Mantani

An interesting process: tZW

Expected energy growth

e log(riot)
¢ log(rye)
* max lim

Oogcp = -
Oy = 114.6 fb

O O

| (9(ptb l' O(ptb
Otw Otw
bW-tZ
Ots Ots
i i,
— _ Int | q .
C;) = —].—I—Cz - C; —1—|—Ci’f’z'—|-C,L- 7,0
OSM OSM
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An interesting process: tZW uca Mantani

Ogcp = (1) Iog(r, e |og(riot)

H=-

oew =114.6 fb ¢ log(rye)
* max lim

bW-tzZ
OtB (9[-3
O'i 1,1
— Int q
C;) = :1—|-Cz ! - C; :1—|-Ci’f’z'—|-C,L~ 7,0
OSM OSM OSM
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An interesting process

Both in final state

s

Oy = 114.6 fb

Oocp

|

bW-tz
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An interesting process: tZW Luca Mantani

Expe

Oocp = - 0
Oy = 114.6 fb ¢
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SMEFIT framework Luca Mantani

Theory o _ta
/(N)NLOQCD + NLOEWSM XS )

NLO-QCD, linear and quadratic, EFT
(SMEFT@NLO)

- Top quark data

. Diboson production (LEP + LHC)

\PDFs, avoid redundancy (notop) ____J IR

e

Methodology

'Two independent fitting methods: MCfit
; and Nested Sampling
| Modular structure: easy to add new
!7\ theory predictions and data

' Posterior probabilities in EFT
. parameter space, CL intervals

k —MCnet
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Top + Higgs + VV, Quadratic NLO EFT

Top + Higgs + VV, Linear NLO EFT
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Loop sensitivity Luca Mantani

Loop induced processes: not only precision!
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Loop induced processes: not only precision! »

Especially relevant for top loops: most strongly coupled particle
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1 3
03, 05,

1)

»q;? Pq;?

o® 0., 0,

Och7 Och7 O(pD) 0(3)
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Luca Mantani

Loop sensitivity

Loop induced processes: not only precision! #

Especially relevant for top loops: most strongly coupled particle

New sensitivities

E.g.: pp -> ZH g R

g H

g 7Z ’

g H

/// g Z
g A

1 3 | |
Och, O"’B’ O‘PD’ OSP:EJZ’ Ogl)i’ O‘E’Cg’ O‘(pQ)’ OwDa O! ’ O< 9 O( 9 Osoda 05327 0&2)
O< ) ) OtGa Ocha Oll

o), 08, O, 0, o.., O,

14



Luca Mantani

Loop sensitivity

Loop induced processes: not only precision! #

Especially relevant for top loops: most strongly coupled particle

New sensitivities

E.g.: pp -> ZH R
g ,H
Z g
H
/// [Y Z
)I{Z

O 5 O oy, 08,

Och7 Och) O<pD1 0(3) 09(0%12, ) O<(p:3 ) OS:Q) )
7 ” O(pG) Oll

rq;?

3 3
Og(alz ) Oc,(olg ) Onpuq; ’ Ogodi

12 Sensitivity to top operators!
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Loop sensitivity

Loop induced processes: not only precision! #

Especially relevant for top loops: most strongly coupled particle

New sensitivities

LO EFT NLO EFT + gg -> ZH

cpt

Opwy Ops, Oup, OO
o), 08, 0., O.

—920  —10

12 Sensitivity to top operators!



Conclusions Luca Mantani

* Presented analysis on the possibility to uncover indirectly heavy NP at
present and future colliders.

 Unitarity violating behaviours in the top EW sector in 2 -> 2 scatterings can
be exploited to gain sensitivity on SMEFT operators.

* The interplay of Higgs, Top and diboson datasets has been discussed and
a combined interpretation in the SMEFT presented.

* Entering a precision era, studying modified interactions in the SMEFT
context is of crucial importance if we want to maximise the possibility to

find SM deviations.

1o —MCnet
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The Standard Model

Luca Mantani

Theories and discoveries in particle physics in the last century lead us to have a
deep insight into the structure and behaviour of matter.

mass - =2.3 MeV/c? =1,275 GeV/c? =173.07 GeV/c?

charge - 2/3 i 213 b 213 4+
spin - 112 TR 12

0
0
1
up | charm | top JLL gluon
0
0

=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c*
7))
\¢/ -1/3 -1/3 o -1/3 4
iix 12 12 4 1/2 1
= down ' strange iv bottom &\ hoton
oA S | Ehilal sl | St & Gl
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeVic?
-1 -1 ) -1 0
electron muon tau l Z boson
(7)) <2.2eVic? <0.17 MeV/c? <15.5 MeVic? 80.4 GeV/c?
= o 0 0 \ +1
E 112 ¢ 172 w 12 w 1
o |
electron muon tau
% neutrino neutrino | neutrino | W boson |

=126 GeV/c*

0
0

GAUGE BOSONS

H

Higgs
boson

- 10000f— "~~~ "~ T L ' '
$. B ATLAS
§ 3000 L data 2011 +2012
= SM Higgs boson My;=126.8 GeV (fit)
% --------- Bkg (4th order polynomial)
5 6000

H-yy

4000

I|III|III|

~ \s=7TeV: |Ldt=4.8 fb!
2000 —
~ \s=8TeV: JLdr=20.7 fb-!
500 } } } } }

e A RNl AR RN

300 E-

events - fitted bkg
3]
S
S

100 110 120 130 140 150 160
m,,, (GeV)
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The Standard Model Luca Mantani

Theories and discoveries in particle physics in the last century lead us to have a
deep insight into the structure and behaviour of matter.

35.9-137 fo'' (13 TeV)
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Effective Field Theory Luca Mantani

1

L = =5 Fu F™ + iy Dytp + Yighintié + Dy D6 — V(¢)
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1 S .

L == FuF" + i7" Dyt + Yijhithjé + DpdD"¢ — V()
1 S B

+5 DD n — S M= + V(n, SM)
SM SM
g N\

p2 _M2 N

SM SM
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1 L _
L == FuF" + i7" Dyt + Yijhithjé + DpdD"¢ — V()
1 S B
+5 Dun D’ — o M + V(n, SM)
SM SM
M=A
92 _____ p2 < A2
p2 _M2 N
SM SM
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1 - -
L == FuF" + i7" Dyt + Yijhithjé + DpdD"¢ — V()
1 S B
+5 DD n — S M= + V(n, SM)
SM SM
SM SM
), ——
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Effective Field Theory Luca Mantani

1

L= =5 FuF" +ipy" Dytb + Yiyhinhyé + Do D' — V (9)

SM SM
SM SM
C; O,LD
Heavy states are integrated out * Lot = AD—4
1
g'////

19 —MCnet



Energy growth and contact terms Luca Mantani

The maximum energy growth of an amplitude can be guessed from the contact
term generated by higher dimension operators.

Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

el Mo e BN

L D) AK1—4 OK

20 %MCnet
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Energy growth and contact terms Luca Mantani

The maximum energy growth of an amplitude can be guessed from the contact
term generated by higher dimension operators.

Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

M x AKl—‘l pR—N=2

My oM pEK—N-2—m+n
M X 1= AT
H = v
- o™ EQ—m—I—n
Dim 6, 2 to 2 M x % M

20 —MCnet



Energy growth and gauge invariance Luca Mantani

While SMEFT respects SSB, the Anomalous Coupling framework does not
automatically.

AC parametrisation can lead to stronger energy growth.

The weak dipole operator in addition to modifications to tbW and ttZ
interactions generate corresponding contact terms:

Oww = i(QO‘“V TI t) QEWl{V—I—hC — gV ELO"LWtR W;WV_, gu BLO"LWtR ZMWV_

These terms generate a E3 energy growth which is exactly canceled by other
contributions due to SU(2) gauge invariance.
On the other hand in the AC framework, including dipole-like interaction

»Cdip. D) —%BO”W/ (gLPL ‘|_gRPR)t8,u W,

Top decay is fine, tZj would be described differently.

2 —MCnet



Contact term: an example Luca Mantani

bWt —tH C’)S(OSC))—>UHW+5Lv“bL+h.C.

= —MCnet



Contact term: an example Luca Mantani

>\b7 /\Wa )\t SM Och
—., 0, — sV sV
1
_’07_|_ % _
+707_ T T
+707+ T T
L 1 SMyy
R RV
1
_,_,_|_ " _
4 1 myy (s+t) . . o .
IR IRV RV
—,+,+ s¥ sV — sV sV —
—|_7 :|:7_ T T T T T SO
+7_7+ T T T T T T
+,+,+ | — — — — — V—tmy

We indeed observe a E2 growth in the (-,0,-) amplitude.

22 ?MCnet



Analysis of collider processes Luca Mantani

We turn to study how the energy growing behaviour can be probed by physical
processes at colliders.

2 to 3 and 2 to 4 scattering processes.
< Assess the sensitivity to the Wilson coefficients.

* We considered pp collider at 13 and 27 TeV as well as ee collider operating

at 380, 1500 and 3000 GeV.

23 ?/MCnet



Analysis of collider processes Luca Mantani

We turn to study how the energy growing behaviour can be probed by physical
processes at colliders.

2 to 3 and 2 to 4 scattering processes.
< Assess the sensitivity to the Wilson coefficients.
* We considered pp collider at 13 and 27 TeV as well as ee collider operating

at 380, 1500 and 3000 GeV.

Operator Limit on c¢; :TeV_2] Operator Limit on ¢; [TeV_2]
Individual Marginalised Individual Marginalised
Oup [-0.021,0.0055] [16] | [-0.45,0.50] [16] 0., [-5.3,1.6] [17] | [-60,10] [17]

O.o -0.78,1.44] [16] | [-1.24,16.2] [16] | O,z | [7.09,4.68] [18] —
O, | [-0.0033,0.0031] [16] | [-0.13,0.21] [16] | O.w -0.4,0.2] [17] |[-1.8,0.9] [17]

O,w -0.0093,0.011] [16] | [-0.50,0.40] [16] | OY) | [-3.10,3.10] [18] -
O,ws | [-0.0051,0.0020] [16] | [-0.17,0.33] [16] | OF) [-0.9,0.6] [17] | [-5.5,5.8] [17]
Ow -0.18,0.18] [19] - O [-6.4,7.3] [17] | [-13,18] [17]
Ouw | [-5.28,5.28] [20] | [27,8.7] [17]

N\
2 —MCnet



Analysis of collider processes Luca Mantani

We turn to study how the energy growing behaviour can be probed by physical
processes at colliders.

2 to 3 and 2 to 4 scattering processes.
< Assess the sensitivity to the Wilson coefficients.
* We considered pp collider at 13 and 27 TeV as well as ee collider operating

at 380, 1500 and 3000 GeV.

Limit on c¢; -TeV_2] Limit oﬁ Ci [TeV_2]
Operator : |
Individual Marginalised | Individual Marginalised §
Oup [-0.021,0.0055] [16] | [-0.45,0.50] 16 Oty -5.3,1.6] [17] | [-60,10] [17]
O .o -0.78,1.44] [16] -1.24,16.2] [16] O:p [-7.09,4.68] [18] —
O,5 [-0.0033,0.0031] [16] | [-0.13,0.21] [16] § Oww [-0.4,0.2] [17] | [-1.8,0.9] [17]}

O,w [-0.0093,0.011] [16] | [-0.50,0.40] [16] 0% |[-3.10,3.10] [18] -
0% | [0.9,0.6] [17] |[-5.5,5.8] [17] |

-6.4,7.3] [17]

Ouws | [-0.0051,0.0020] [16] | [-0.17,0.33] [16] |
Ow -0.18,0.18] [19] -~

N =
2 —MCnet




Blueprint of the analysis Luca Mantani

< Computation performed with MG5 and SMEFT@NLO, in 5 flavour scheme.

<+ We compute the interference and square contribution for each operator
relative to the EW SM cross section for p p collisions.

* The relative impact is computed for each operator with Wilson coefficient
set to 1 TeV-2

< Compute both inclusive and high-energy restricted cross section.

< QCD background.
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E=2TeV
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Summary Luca Mantani

In summary, we found that:

* tZW and tZj optimal to access b Wto t Z.

 tHW and tHj optimal for b W to t H.

 ttX processes are challenging because suppressed by s-channel
propagator.

< Adding a jet increases the sensitivity (J. A. Dror et al. arXiv:1511.03674).

< ttXY and VBF-tt are promising but rate-limited (e+ e- collider for VBF).

“*tZtotHandtH to t H are the most difficult (future colliders).

J

N
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Individual log-likelihood Luca Mantani

1 Ndat

Y2(c) = Z (agth)(c) — ageXp)> (COV_l)Z.j (U§th)(c) — a(-eXp))

n
dat i =1

SMEFIT, NLO + ©(A~%), individual profiles
298 A

296 A

= 299]

/ Gaussian profile

294 A

292 A

(abs) [ngat

290 4 == quartic fit
== = 95% CL range
--- SM

2881 ¢ x? profile
® minimum (quartic)

2

tot

X

—-0.010 —0.005 0.000 0.005 0.010

cpG
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Individual log-likelihood Luca Mantani

1 Ndat

X°(c) = Z (Uz(th)(c) - Uz(exp)) (COV—l)z’j (U§th)(c) - U§exp))

n
dat i =1

SMEFIT, NLO + O(A~*), individual profiles

298 A

299]

/ Gaussian profile

294 A

N
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N
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Non gaussian
global minimum

| e quartic fit
== = 95% CL range

thot (abs) [Nngat
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2881 ¢ x? profile
® minimum (quartic)
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380 ~

300 4 === quartic fit
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® minimum (quartic)
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Individual log-likelihood

Luca Mantani

Ndat
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EFT sensitivity Luca Mantani

.. i 0 In f (Gexp | €)
Useful to gain insight from Information Geometry I;j(c) = —E I Oc.
1Yty
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O?In f (exp | c)]

Useful to gain insight from Information Geometry I;j(c) = —E [ 9 Oc.
(A

> Quadratic

"""" 100

Top Yukawa

75

Four fermion operators

50
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0?1 ox
Useful to gain insight from Information Geometry Iij(c) = —E [ 1 g C(“;C L | C)]
[

> Quadratic

"""" 100

Top Yukawa
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Four fermion operators

50

TGC operator
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EFT sensitivity Luca Mantani

. : 0°In f (Fexp | €)
Useful to gain insight from Information Geometry  I;;j(c) = —E Y
iUC;j

> Quadratic

"""" 100

Top Yukawa

75

Four fermion operators

50

TGC operator

25

on[eA IoySsl] POZI[BULION

In the quadratic case the picture
does not change much

10

| |
A\
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Methodology Luca Mantani

MCfit: generate MC replicas to construct probability distribution in
experimental data space.
Determine EFT coefficients replica by replica.

N, dat

(th) (k) ) — mart)k) -1 (th) (1 ) — mart)(k)
2 (@i ({Cn }) @iaf )(cov )ij(@j ({Cn }) @jar )

dat i,j=1

31 %MCnet



Methodology Luca Mantani

MCfit: generate MC replicas to construct probability distribution in
experimental data space.
Determine EFT coefficients replica by replica.

N, dat

(th) (k) ) — mart)k) -1 (th) (1 ) — mart)(k)
Z (@i ({Cn }) @iaf )(cov )ij(@j ({Cn }) @jar )

at j j=1

Nested Sampling: statistical mapping of the likelihood.

1
Z= Jchg (data]| ) (") = [ dXZ(X)
0

Samples from prior space to locate maximum.
No need for optimisers.
Construct posterior distribution.
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10° nop nop
10 PCk = E AkiCq, k = ]., «« 3 Nop E CL%Z- = 1Vk
10°% i—1 i—1

Singular Values
s

Flat directions

L B B B B B B B B ]

poIf w 100

§§§ oo Diagnostic tool: is the basis used

PC 5] o 0s : ] :
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2D fits Luca Mantani

95% Confidence Level Bounds 95% Confidence Level Bounds
ol [ 1 tthar
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6F [ 1]
/
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2 »
@ M 0.0F
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0 »
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_9t
—4r —0.4}
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Summary Luca Mantani

< SMEFIT is a novel and flexible framework for global EFT interpretations.
 Already successfully employed for Top, Higgs and diboson data.

< Several functionalities to cross-check and validate results.

New steps:
< Add new data (EWPO, low-E, VBS, Tevatron, recent LHC results, ...)
* Improve theory (RGEs, NLO-QCD and EW in EFT, etc)

“ Improve fit methodology (higher number of operators require better efficiency)

J

N
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Luminosity Luca Mantani

Luminosities are assumed from MAP studies

: : 10 TeV : 3
Typical EW process at muon collider o = -10° ab

S
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Luminosities are assumed from MAP studies

: : 10 TeV : 3
Typical EW process at muon collider o = -10° ab

S

10 TeV Y ° -
N =0 -L-years = U 1eV : = yf?rs . 10°
\/S,u ab
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Luminosity Luca Mantani

Luminosities are assumed from MAP studies

: : 10 TeV : 3
Typical EW process at muon collider o = -10° ab

Su

10 TeV Y ° -
N =0 -L-years = U 1eV : = yf?rs . 10°
\/S,u ab

2
/S
For N ~ 10* # L - years = (10 Tg\/'> .10ab™*

36 %MCnet



Crossing point Luca Mantani

o [tb] /s [TeV] o [tb] /s [TeV]
tt 8.4 -10Y 4.5 ttZ27 2.2-1072 8.4
tt7 5.3-10°1 6.9 ttHZ 7.0-1073 11
ttH 7.6-1072 8.2 ttHH 5.9-104 13
ttWWw | 1.2-1071 15 tttt 1.6-1073 22
HZ 4.3 -10Y 1.7 HHWW | 4.3-1073 9.2

HHZ 2.1-102 4.2 HZZ 9.4-102 2.7
HHHZ | 4.7-107° 6.9 HHZZ |5.9-10~4 5.7
HWW |6.6-10"1 4.5

WW 2.1-102 4.8 WWZ 1.6 - 10t 6.2
727 3.9-10! 2.4 7277 4.8-10"1 2.3

37 —MCnet



Crossing point Luca Mantani

o [tb] /s [TeV] o [tb] /s [TeV]
tt 8.4 -10Y 4.5 ttZ27 2.2-1072 8.4
tt7 5.3-10°1 6.9 ttHZ 7.0-1073 11
ttH 7.6-1072 8.2 ttHH 5.9-104 13
ttWWw | 1.2-1071 15 tttt 1.6-1073 22
HZ 4.3 -10Y 1.7 HHWW | 4.3-1073 9.2

HHZ 2.1-102 4.2 HZZ 9.4-102 2.7
HHHZ | 4.7-107° 6.9 HHZZ |5.9-10~4 5.7
HWW |6.6-10"1 4.5

WW 2.1-102 4.8 WWZ 1.6 - 10t 6.2
727 3.9-10! 2.4 7277 4.8-10"1 2.3

Effectively a EW boson collider!

37 —MCnet



EW boson collider? Luca Mantani

We can have an analytical insight with EWA

/ f’ m Py
E~aoFE ~ (1 —2)FE — 1 — 1
x ( z)F, 7 < 1, 7 <K

(1 — ) P

f-l-: 2 219 ’

r  (m*(l—-x)+p7)

O
r(m2(1—x)+p7)?
(1—xz)? 2m?p |

fo=

v (m*(l-z)+pl)*

[P. Borel et al. arXiv:1202.1904]

J

N
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EW boson collider? Luca Mantani

We can have an analytical insight with EWA

f f! m pL
E~axE ~(1—2)FE — 1 — 1
zE~(1-2)E, =<1 = <
(1—x)? P
f-l-: 2 219 ’
T (m?(1 —x) +p7)
PR St
33( (1_33)+pL)2,
(1 —x) 2m?p,

T T (R

[P. Borel et al. arXiv:1202.1904]

ClO‘EWA / 02
X Y)=— ; X =Y
iy X2 IY) =55 ) fixdo(WiX =)
P 1—=+,—,0
Weak bosons can be described as partons!
\\'////

3 —MCnet



Challenges Luca Mantani
Muons decay! q

R&D needed in accelerator
and detector physics
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Challenges Luca Mantani

R&D needed in accelerator

|
Muons decay! and detector physics

Beam production

Proton Driver Front End Cooling Acceleration Collider Ring

—_OOA

R R S o - B
— “ v Y olEgE &
- S & & |P3ES gl @ » 2
£ o G s [Fof® c B S 8 5 S °
= 3 c w50 2 < o g < 2 Q
2 E 32 5 |82529jg 28 g2 8 O
=1 e wv Q Q =
S © Rs8 gls = 8 83 3 & | Accelerators:
< = e =& | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring

10" p pairs/sec from
e*e” interactions. The small
production emittance allows lower : E———
overall charge in the collider rings Positron Linac
— hence, lower backgrounds in a ¥
collider detector and a higher
potential CoM energy due to
neutrino radiation.

ECoM:

10s of TeV

target
Rings

Accelerators:
Linacs, RLA or FFAG, RCS

100 KW

[}
Isochronous

[Delahaye et al. arXiv:1901.06150]
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Challenges Luca Mantani

R&D needed in accelerator

|
Muons decay! and detector physics

Detector

Beam production

cm

500
Proton Driver Front End Cooling Acceleration Collider Ring
o= . o« |5 250
= s g 2 2558|988 o 8 8
$ E &8 § |[2-° 1828 EFS O
S © QP88 glz 3 25 3 £ | Accelerators:
< § (a] £ .{:‘: = Linacs, RLA or FFAG, RCS ;
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" p pairs/sec from =
e*e~ interactions. The small Colt:
production emittance allows lower : ——— ( 10s of TeV -250
overall charge in the collider rings Positron Linac —
—hence, lower backgrounds in a > K § Eo
collider detector and a higher g g = ? <ﬂ—_
potential CoM energy due to S % Accelerators:
neutrino radiation. % Linacs, RLA or FFAG, RCS
e 2.50e+03 5.00e+03 7.50e403

[Delahaye et al. arXiv:1901.06150] [Bartosik et al. arXiv:2001.04431]

N
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Different mode of production at different energies
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Different mode of production at different energies

L4 V72 \t
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Production mode Luca Mantani

Different mode of production at different energies

Vs < 1-5TeV Vs 2> 1-5TeV
//l/ I

o t y

L4 V/Z \t Hy

40



Proton vs Muon Luca Mantani

Resonance production My = \/S,u
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Resonance production My = \/Su

X o,(s,) = [o],
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Proton vs Muon Luca Mantani

Resonance production My = \/Su

\/ S,u %— X o,(s,) = lo],

1
p
1 v
V °p X 0p(8p) = [ d Z (7, ) 61,0 (T — s_>
fo ij p
p
\\'////

d —MCnet



Proton vs Muon Luca Mantani

Resonance production My = \/Su

\/ S,u %— X o,(s,) = lo],

v
p
Parton lumi
1 M)Z(
1\ /Sp X Gp(sp) = [ dr } [61]]1)5 (T — S—>
0 ij p
! |
N 2=

d —MCnet



Proton vs Muon Luca Mantani

Resonance production My = \/Su

\/ S,u %— X o,(s,) = lo],

v
p
Parton lumi
\/% % X 0,(S, ) = dT T — —)
Hard XS
’ |
N

4 7/MCnet



Proton vs Muon Luca Mantani

Resonance productlon My = \/Su
_|_

[
/5 %— ,(5,) = 6],

-

p

Parton lumi
1/Sp X G(S)_ dT T——)
Hard XS

’ oz

4 7/1\/ICnet
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Resonance Luca Mantani

s, 2 [6 p FCC comparable!

200

150

50




Resonance Luca Mantani

s, 2 ) 181, P FCC comparable!

200

150

50

" Still good!

30
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pt X

6,(s,) = —I[85],

48 %MCnet



Proton vs Muon Luca Mantani

aﬂ(sﬂ) = —[65] p
)
7
1 (o1 o
0,(s,) = = df; Z (I)ij(T, ,uf) 16,51,
P Y1 ij

J

N
48 —MCnet



Proton vs Muon Luca Mantani

aﬂ(sﬂ) = —[65] p
)
7
1 (o1 o
0,(s,) = = df; Z (I)ij(T, ,uf) 16,51,
P Y1 ij

J

N
—MCnet




SM cross sections Luca Mantani

—_——_—— s-channel

VBF

104

102

101 103

10° 102

) o

S 101 & 10!

b b
102 10°
103 10t
104 102
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L3=6ab" HH production
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L3=6ab" HH production
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HHH production
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SM distributions
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Anomalous self-couplings
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Luca Mantani
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Three operators directly affect Higgs self interaction
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Three operators directly affect Higgs self interaction
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Three operators directly affect Higgs self interaction
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Three operators directly affect Higgs self interaction

02\ ? 3
O, = (cpTcp — —) > v H3 + Zv?H?,

2 2
O i = (gngo) [ (gaTgo) > 20 (HOH? + HOH) + H*OH?,

Constrained by EWPO

Sensitivity linear

We look at HH and HHH production
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Sensitivity quadratic
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Deviations from SMEFT Luca Mantani

| | Vs =10 TeV | | Vs =30 TeV

S T L=20ab"' ] S T L=100ab~t ]
|N—NsmEerFT| <1 5 |N—NsmMeFT] <1
VNSMEFT | VNSMEFT |

—0.4 —0.2 0 0.2 0.4 —0.4 —0.2 0 0.2 0.4
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CLIC vs Muon collider Luca Mantani

3TeV collider 5 _ £ (0—0sm)l _, 14 TeV collider
VB vVL-ospy

C,q [TeV2]
o
de [TeV‘2]

— Linear — Linear
— Quadratic — Quadratic
=33 -3 = =1 0 1 > 3 =33 =3 =3 1 0 1 > 3
C, [TeV?] C, [TeV~?]
3 TeV 14 TeV

Co | [-3.33, 0.65] | [-0.66, 0.23 95% confidence level
Coq | [-1.31, 1.39] | [-0.17, 0.30
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Rapidity coverage Luca Mantani

Nozzles:
Detector must be shielded from beam radiation

5-10 degrees blind spot at 3 TeV
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Detector must be shielded from beam radiation

5-10 degrees blind spot at 3 TeV

At higher energies the angle can be reduced!
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Rapidity coverage Luca Mantani

500

Nozzles:
Detector must be shielded from beam radiation

5-10 degrees blind spot at 3 TeV
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At higher energies the angle can be reduced!
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Rapidity coverage Luca Mantani

Nozzles:
Detector must be shielded from beam radiation
° 5-10 degrees blind spot at 3 TeV
At higher energies the angle can be reduced!

1.5 !
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ffffffffffffffffffffffffffffffffffffffff —05
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|
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Summary Muon Luca Mantani

“* Muon collider is a dream machine.

* Both precision and discovery potential are top notch.

<+ A multi-TeV machine would be effectively a EW boson collider.

* Projected to be better than every proposed collider to measure the Higgs
self interaction.

* For the quartic coupling, factor ~10 improvement over FCC.

“* No background or optimisation on kinematics was performed.
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Studied processes Luca Mantani

tW tZ9 tvy | tWZ | tW~ | thy thW
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Data and DoF

Luca Mantani

Category

Processes

Ndat
tt (inclusive) 94
ttZ, ttW 14
, single top (inclusive) 21
Top quark production LW g
tttt, ttbb 6
Total 150
Run I signal strengths 22
nggs production Run II Signal Strengths 40
and decay Run II, differential distributions & STXS 35
Total 97
LEP-2 40
Diboson production LHC 30
Total 70
Baseline dataset Total 317
58

Class Nyof Independent DOFs DoF in EWPOs
1,8 1,1 3,8
€Qa’ “Qq’ “Qq
3,1 8 1
CH s Cos Cios
four-quark Qq’ "te g
14 B s Chur D
(two-light-two-heavy) tw "t "Qu
1 8 .1
Cou’ Ctd> Ctar
8 .1
€Qd> €Qad
four-quark ek .8 el
5 QR "QQ’ ~Qt
(four-heavy) C%t’ Ctl .
four-lepton 1 cu
) 3 (@
ctgo: ctG’ cb(p’ c((Pl)]_ ’ c((Pl)l ’ cfol)z
@) (1) (3)
two-fermion Ceer C(T‘;” ct(W)’ Coly Cols’ Cpls’
23 th’cs9c_9 Cpe, Cous CoT,
(+ bosonic fields) #Q "eQ re e
c 3) (=)
ot Coqr Cpq s
Cous Cpd
CyGsr CoBs CoW s CoW B> CoD
Purely bosonic 7 e v v
Cods CWWW
Total 50 (36 independent) 34 16 (2 independent)
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Production mode Luca Mantani

Different mode of production at different energies
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Production mode Luca Mantani

Different mode of production at different energies

Vs < 1-5TeV Vs 2> 1-5TeV
//l/ I
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L4 V/Z \t Hy
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Higgs potential in the SM Luca Mantani

1 [A. Abada et al.

1
V(H) = 5m?rj,lﬁﬂ + A3 H? + Z>\4H4 Eur. Phys. J. C 79 (2019) no.6, 474 ]

A3 = M\ = m3 /20 = Agu

1 %MCnet



Higgs potential in the SM Luca Mantani

1 S 5 1 A [A. Abada et al.
V(H) = 5mHH @}I + -\ H Eur. Phys. J. C 79 (2019) no.6, 474 |
i
—>
A3 = M\ = m3 /20 = Agu HH and radiative corrections to single Higgs
FCC ~ 5%

1 %MCnet



Higgs potential in the SM Luca Mantani

[A. Abada et al.

V(H) = %m?qfﬂ @}I?’ + LA H? Eur. Phys. J. C 79 (2019) no.6, 474 ]
—>
A3 = M\ = m3 /20 = Agu HH and radiative corrections to single Higgs
FCC ~ 5%

Challenging even at FCC!

ILC ~ [—10,10
CLIC ~ [-5,5
FCC ~ [—2,4

1 %MCnet
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1 5 o . A [A. Abada et al.
V(H) = 5mHH @H + £\ Eur. Phys. J. C 79 (2019) no.6, 474 ]
—>
A3 = M\ = m3 /20 = Agu HH and radiative corrections to single Higgs
FCC ~ 5%
’u— v
R H Challenging even at FCC!
o _e--- H |
. . ILC ~ [—10, 10]
. ) CLIC ~ [—5,5
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Luca Mantani

Higgs potential in the SM

[A. Abada et al.
V(H) = %m%{H 2 @}I S+ L\ HA Eur. Phys. J. C 79 (2019) no.6, 474 ]
—
A3 = M\ = m3 /20 = Agu HH and radiative corrections to single Higgs
FCC ~ 5%
,LL_ 1%

R H Challenging even at FCC!

o &--_- H |

< ILC ~ [~10,10

. H :

CLIC ~ [-5,5

pt :

v FCC ~ [—-2,4]

Vs(TeV) /L(ab Y || 15/12|3/44 | 6/12 || 10/20 | 14 /33 30 / 100

OSM (ab) [Nev]
otot 0.03 [0] [ 0.31 [1] [ 1.65 [20] [[ 4.18 [84] || 7.02 [232] [ 18.51 [1851]
o(Mprp<3 TeV) | 0.03[0] || 0.31 [1] || 1.47 [18] || 2.89 [58] || 3.98 [131] || 6.69 [669]
o(Mprp<1 TeV) | 0.02[0] || 0.12[1] || 0.26 [3] || 0.37 [7] || 0.45 [15] || 0.64 [64]
_s\’////
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EFT validity at LHC Luca Mantani

A~

C

Heavy mass
Strong coupling

E <M
E~ A
c Trtotrotonensaneanennsaneanes
Light mass : Heavy mass
Weak coupling : Weak coupling
Intensity frontier
E>M E <M
' E <A
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