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Particle Physics Today

e The LHC 2012: We finally found the Higgs...
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After chasing it for so long, all the “ingredients” of the SM
were experimentally confirmed
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Particle Physics Today

e But the Higgs is the only “new” physics we have found so far...

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [£Ldt =(3.2-37.0) fo? V5 =8, 13 TeV
Model t,y Jetst ET* [rdii) Limit Reference
T T T T T T T T T T T T T T T T
@ ADD Gkk +g/q Oe,u 1-4j Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
S ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
g ADD QBH - 2j - 37.0 M 8.9 TeV n==6 1703.09217
°E-’ ADD BH high ¥ p1 >leu >2j - 3.2 My 8.2 TeV n=6, Mp =3 TeV, rot BH 1606.02265
3 ADD BH multijet - >3] - 3.6 Mqp 9.55TeV n=6,Mp=3TeV,rotBH 1512.02586
© RS1 Gkk — vy 2y - - 36.7 Gk mass 4.1 TeV k/Mp =0.1 CERN-EP-2017-132
5 Bulk RS Gkx —» WW — qqlv 1eu 1J Yes 36.1 Gk mass 1.75 TeV k/Mp; = 1.0 ATLAS-CONF-2017-051
2UED / RPP 1eu >=2b,>3] Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(AGY - tt) =1 ATLAS-CONF-2016-104
SSM Z" — £t 2epu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
(%) SSM Z' - 17 27 - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
S  Leptophobic Z' — bb - 2b - 32 |z mass 1.5 TeV 1603.08791
8 Leptophobic Z' — tt 1eu =1b,>1J/2) Yes 3.2 2’ mass 2.0 TeV r'm=3% ATLAS-CONF-2016-014
'QQ, SSM W’ — (v Tepu - Yes  36.1 W’ mass 5.1 TeV 1706.04786
D  HVT V' - WV - qqqq model B 0 e, u 2J - 36.7 |V mass 3.5 TeV g =3 CERN-EP-2017-147
8 HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gy =3 ATLAS-CONF-2017-055
LRSM W,’? — tb 1epu 2b,0-1j Yes 20.3 1410.4103
_ Cl qqqq - 2j - 37.0 A 21.8TeV n, 1703.09217
o Cl ttqq 2eu - - 36.1 A 40.1 TeV 7, ATLAS-CONF-2017-027
Cl uutt 2(88)28eu21b,21j Yes 203 |INEEEEEEEEeiTevl ICrrl = 1 1504.04605
Axial-vector mediator (Dirac DM) Oe, 1-4j Yes 36.1 Mped 1.5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
g Vector mediator (Dirac DM) Oe 1y <1j Yes 36.1 Mimed 1.2Tev 84=0.25, g,=1.0, m(xy) < 480 GeV 1704.03848
VVxx EFT (Dirac DM) Oepu 1J,<1j  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 15t gen 2e >2j - 3.2 LQ mass 1.1 TeV p=1 1605.06035
9. Scalar LQ 2" gen 2u >2]j - 3.2 LQ mass 1.05 TeV p=1 1605.06035
Scalar LQ 3" gen le,u 210,23 Yes 203 [IOmasezocev B=0 1508.04735
n VLQ TT - Ht+ X Ooriepu >2b,>3j Yes 13.2 T mass 1.2 TeV B(T - Ht) =1 ATLAS-CONF-2016-104
X VIQTT - Zt+ X leu 21b2>3] Yes 361 T mass 1.16 TeV B(T—>Zt)=1 1705.10751
% VLQTT —» Wb+ X 1eu >1b,>1J/2) Yes 36.1 T mass 1.35 TeV B(T - Wh)=1 CERN-EP-2017-094
S VLABB - Hb+ X e 22b2>3] Yes 203 B(B - Hb) =1 1505.04306
& VLQBB o Zb+ X 2/>3e,u  22/>1b - 20.3 B(B— Zb) =1 1409.5500
f VLQ BB —» Wt + X 1eu >1b,>1J/2) Yes 36.1 B mass 1.25 TeV B(B—- Wt)=1 CERN-EP-2017-094
VLQ QQ —» WqWq 1eu >4j Yes 20.3 1509.04261
Excited quark g* — qg - 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q*) 1703.09127
he] g Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) CERN-EP-2017-148
.% .g Excited quark b* — bg - 1b1j - 133 | b* mass ATLAS-CONF-2016-060
u><.| 5 Excited quark b* — Wt tor2e,u 1b,2-0j Yes 20.3 fp=fi=fR=1 1510.02664
%= Excited lepton * 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* e u, 1 - - 20.3 A=1.6TeV 1411.2921
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 2,3,4 e,u (SS) - - 36.1 H** mass 870 GeV DY production ATLAS-CONF-2017-053
by Higgs triplet H** — (7 3eut - - 20.3 DY production, B(H;* — (1) = 1 1411.2921
£ Monotop (non-res prod) Tepu 1b Yes 20.3 Anon—res = 0.2 1410.5404
S} Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
PR | L L MR i L L MR i L L PR

*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).

10 Mass scale [TeV]

Muon Collider Workshop 2018 Jorge de Blas

Padova, July 3, 2018

INFN - University of Padova




Particle Physics Today

e _..and (almost) everything we have measured agrees well with the SM...

March 2018 Reference

March 2017 CMS Preliminarv Standard Model Total Production Cross Section Measurements 5@ [radt
I oo e W

p— -1
o) = i 3 e [T
[ : : : : : H : : : . o = 96,07 +0.18 + 0.91 mb (data) 8 PLB761(2016) 158
L : H ' H H H H : H -1 v COMPETE HPR1R2 (theory) A 50x10 7 ) 15
Q sl o £ 7 TeV CMS measuemant (L <5.010-) i PP 7= AT R ) ATLAS Preliminary ) BX100  Nuck Piys B, 486.548 2014
E® : : : : : : : : @ 8 TeV CMS measurement (L <1961 1) = | ¢ =190.1+0.2 6.4 nb (data) o oo o
b S L A ) i 3 W BYNNLO + CT14NNLO (theory u] 0.081  PLB759(2016) 60
E A = L 5 it
Fi igt! | 1 1 1 0 1 & 13 TeVv CMS measurement (L < 3591b7) P 3 BTG 0% 2o o data) Run 1,2 \/_ =78,13TeV | © 46 EPICT7(2017)367
- - 2n ]elﬂs) : : : : I : ; — Theory prediction . 7= 58843 3,03 £ 1.66 b (data) [u] 3.2 JHEP 02 (2017) 117
c1 04 1B SRR A A % Z Z. CMS 95%CL limits at 7, 8 and 13 TeV ; Z 7= AL 003 0020 (dala) A 202 JHEPO2 (2017) 117
E | H H P 1 = 0.03 + 0.77 nb (da (50471
o : : : : : : BRNLO T3 (D Greory) o 4.6 JHEP 02 (2017) 117
H ' ' H H H : H ) 818 + 8 = 35 pb (dat et |
“— ; N S R R S T : P opo+ NNLOZNL L (fheory) u] 32 PLB761(2016) 136
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(D = : : : : : i : : : : : = =3 Kfiﬁebg}g‘m [m] 3.2 JHEP 04 (2017) 086
= 1] ' ' 1 ' ' ' 1] ' [
N . - ' - . ' - - . . 1 ti—chan | 7 bl mcgw 6.4 pb (data) A 20.3 arXiv:1702.02859 [hep-ex
()] 2 ! i i ! ! ! ! : : : : : “,\%mﬁpﬁy(é’mw [o} 46 PRD 90, 112006 (2014)
(7)) | - I
1 0 E i P P P i P P P H H = ‘ WNNLOH m]u‘,"" (data) [u} 32 arXiv: 1702.04519 [hep-ex]
‘O 5 e Poob T ww 7= QG peryy PP @) A 203  PLB763,114(2016)
[ P i i i i i i i i i i o =51.9+2+ 4.4 pb (data) o 46 PRD 87, 112001 (2013)
‘ ’ - H q H H H ' H H H H C NNLO!theor ) - PRL 113, 212001 (2014)
1 O L R T T T S . | 7= S LESENG Ve et u] 36.1  ATLAS-CONF-2017-047
C = Qm i i i i i i H i = H e 2L7H2 Hix:mz/(ivﬁzz)ﬁvbeéma A 20.3 EPJC 76, 6 (2016)
o - . i i 1 1 i : : : : : : : i H : : - o= 7L2HIC+H§<SWG VFtt ? 2 7 pb (data) u Theory 45 EPJC 76, 6 (2016)
I~ ' ' ' ' ' ' ' ' ' I theory) & ~
-— [~ H H i H H i H i i H i i P 7 NL&‘M&"W}‘;“ (data) o 3.2 arXiv:1612.07231 [hep-ex
H H | 1 1 ' i i o =23+1.3+3.4-3.7pb (data .
(@] 1 ; : : : : . Wit RO Fordy P (0ata R LHC pp Vs =7 TeV 20.3  JHEP 01,064 (2016)
i ' ' ' ' ' r = 16.8 + 2.9 + 3.9 pb (data] 2
- A s T T ‘ oL theory) ) o] Data 20  PLB716,142-159 (2012)
O P ; i i : P AT O] (o) o _ stat 3.2 PLB 767 (3016} 179
o .ﬁi [ o { cory) - 761 (2016 17
H H H H H H H H H o =24.3+0.6+0.9 pb (data) PRD 93, 092004 (2016,
O, —1 . R % . P c-a Wz MATRIX (NNLO\ theory) A stat ® syst 203 plB761 (2016)179
L1 O H H H H H H ):I N oc=19+14-13 O pb ( ’1\[5\} o 4.6 EPJC 72, 2173 (2012)
o A z =1r3c0dens L;:WZ ) LHC pp V5=8 TeV oo o
! o ! ! ! ! NNLO) & Sherpa (NLO) (theory) =} Data 36.1 PRD 97 (2018) 032005
' ' ' ' ' ' ' ! (4 ' ' ' ' N o 3+0.4+0.4-0.3pb (data) -
2 By e ; 2z S y stat PRSI
_— . . . . . s o= + ata, * = b
1 O — . i : H H ; D - E : : : H NNLO (nbory) P ) [e] 46 PLB 735 (2014) 311
: i i : i i i ; ! i : ; H ; t c=48+08+16-13pb (dala) 203 PLB 756, 228.246 (2016)
o . TA P s—chan ‘ 1NLOENN\ ll\‘vuﬁoﬁrpwb . )l LHC pp V5 = 13 TeV > e
B I B [ = Wiadgraphs + aMBNLG (theory) [ =] . 77 (2017)
i . R S HE I I R
3 B Pl E EL : P : ' : o] ttW ’ ‘Aﬁcmf%eé?ﬁ”’b (Ga@) B [ =] SD;;tta 203 JHEP 11,172 (2015)
| 1 1 1 H 1 1 1 1 H 1 1 : i 1 1 H 1 H 1 1 H 1 1 1 H 1 1 H H - UL)L 0.29 = 0.1 pb (da o
1 O E: T A L L O T o T R :a iz 3 2BRE Bheory) n stat @ syst 3.2 EPJC 77 (2017) 40
R R I I S S S T SN T N SN SN SN SN SN TN SN | adorapns » alMPREO (e e
' ' ! W w_’EW EW lEW ) ! ! ! J ! ! J J J ! ’\/BE| I I ! HELAC-NLO (theory) B 20.3 JHEP 11,172 (2015)
H o =620+ 170 + 160 b ( ) PR
W'Z Wy'zy WWWZ 2z Eq A ki N Wz & fen Wt ty 20 W HZ 't GOHYSL VH ' tiH HH tZj L o o1 s
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Particle Physics Today

e \We know the SM cannot be the ultimate theory of fundamental physics...
Theoretical issues

It is “problematic”... Hierarchy problem

Strong CP problem
Flavor problem

It is not very stable... EW vacuum is metastable

Observational/Experimental issues

No Neutrino masses No Dark Matter/Dark Energy
No explanation of gravity Matter/Anti-Matter asymmetry?
Other questions Aesthetical issues?

Why 3 families? Too many parameters?

Do gauge couplings unify?
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Particle Physics at Future Colliders

e But... what should we look for? The Higgs was “expected” within the SM,
we knew what to search for...

...unless the LHC finds any hint of new physics, High Energy Physics at
Future Colliders will be an exploration of the unknown...

No new discovery can be guaranteed
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The best Future Collider option is that which allows to explore many directions
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Particle Physics at Future Colliders

The best Future Collider option is that allows to explore many directions

e Strengths of a Muon collider:
® Muon Rare processes
® Neutrino physics
® Higgs factory = See. A. Blondel’s and M. Greco’s talks

e High Energy frontier = This talk

e (Can we define minimum energy/luminosity requirements for BSM
exploration at High Energies?
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Naturalness

® |nthe SM the Higgs mass/EW scale is very sensitive to any UV mass
scales via gquantum corrections

/SM cut-off
mi fo F(E;g) ~ fo Fou (E5 gsu) _I_fA F(E;g)
( F(E;g) — Fsm(Esgsm) + O(5%) )
EFELA
TR _ 3y} Must be cancelled by NP or
SM contrib.:  §m2, = LA 4 ... y

fine tuning needed

® Fine tuning:

0 log mH
A= \/Z Jloga;

% variation in ai =@ A% variation in my

om%, __ (126 GeV 2 A 2 - <
A>—Hx ( ) (500 GeV) Naturalness (A~1) = As<1TeV
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Naturalness

e (Current limits on conventional Natural models (colored Top partners)
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e HL-LHC may push

A>2TeV — A > 10
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Naturalness

e After the LHC:
A Z 2 TeV — A > 10 Typical natural scenarios

e Naturalness could still be realized if dm?%, cancelled by QCD-uncolored
particles

= Neutral naturalness
Twin Higgs - Folded SUSY - Quirky Little Higgs - Hyperbolic Higgs

A~1TeV — A ~ 0(1) would survive the LHC search

e Orit may just be that the EW scale is only “partially” unnatural

A ~ O(100) — A ~ 5 TeV

Reasonable requirement based on (un)naturalness:
Reach of ~5 TeV for conventional Top partners
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Dark Matter

e A future collider should be able to tell if Dark Matter is a WIMP:

e “WIMP miracle”: Weak mass and couplings reproduces relic abundance

MX ~ UVEW

® Relic density can be satisfied for a larger range of masses and couplings

M, ~ 10 MeV — 10 TeV

® (Unitarity bounds M, < 100 TeV)

Minimal Models of DM

e Accidental Dark Matter: DM is stable due to accidental symmetries.
Extensions to non-electric neutral DM can be stabilized via milicharges
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Dark Matter

e Accidental Dark Matter: DM is stable due to accidental symmetries.
Extensions to non-electric neutral DM can be stabilized via milicharges

® n=3,5,7, ... thermal prod. via gauge interactions (and suppressed Z
couplings)

® Predictive: mass fixed by relic density

DM
X MM [ TeV] 020 e _
(1,3, €)cs 1.5 | _
(17 37 6)DF 2.0 0.15L

(1,3, O)ip 30 | ) 0.1188 + 20 =

(17576)CS,DF 6.6 o 010: % . if;

= = —

(1,5,0)np = 9.6 2 : = 2

(1,7, €)cs. o 16 ; | I

r —_— O

| | 00s| L = 0 =

Direct searches: mono-x, dissap. tracks... | 5B 3 :
Indirect searches also important L/ $H £ g ' g
oootR— , ¥ . &, . . =

e~ EWIMP K 0 5 10 15
mw« DM mass in TeV
+ + E. Del Nobile, M. Nardecchia, P. Panci, arXiv: 1512.05353 [hep-ph]

e 0
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Electroweak phase transition

e We found the Higgs but still know little about the Higgs potential/EWSB

Veg(h, T) = Vo(h) + VY (h) 4+ Vip(h, T)

1st order

® A strong 1st order phase transition is one of the conditions to generate
Baryon asymmetry (Baryogenesis)

Requires new physics modifying scalar potential

Can be tested via the trilinear Higgs coupling
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Electroweak phase transition

® Testing the Higgs scalar potential: Higgs cubic term

ZHH
§ R I I
g HVeVe
10° E
.1\ H tA° ]
)
° 10 E
- ttH ZH
1 =
HHvv,
107 ZHH E
! ” Unpolarized & no beam effects i
10—2 | ] ] ] | | | | | | | | | | |
0 1000 2000 3000

(s [GeV] Dominant at Multi-TeV lept. Coll

® (Cross sections small (but somewhat larger than e+e- counterparts)
owsr(3 TeV)= 0.9 fb owsr(6 TeV)= 2.1 fb

e hWW must be well known for a precise extraction of hhh coupling

hWW-~1% from single Higgs hhh ~ O(20%) CLIC 3 TeV, 3 ab!
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Electroweak phase transition

® New physics modifying scalar potential: Singlet extensions of the SM are
the simplest scenario

Example: Direct reach at multi-TeV lepton coll. (CLIC 3 TeV)

Production via mixing y with Higgs ete-—vv S

-
’_”

LHC 300 fb~! _-

_’-’

LHC 3 ab~!

-

Preliminary
CLIC 1.5 TeV, 1.5 ab™!

S—=hh—4b

Cleaner environment of lepton
coll. allows to use most abundant
hadronic final states

(Backgr.: vwZZ, vwHH) 0.001}

Preliminary
CLIC 3 TeV, 3 ab™ !

95% C.L. exclusionsi
500 1000 1500 2000 2500
mg [GeV]

D. Butano, D. Redigolo, F. Sala, A. Tesi, CLIC Physics Potential Yellow Report, In preparation
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Flavour Anomalies

® Several anomalies in the B-sector (b—sll, b—clv) hint to additional BSM

contributions
BR (BT — K*Tutu™) BR(B — K*u*tu~) +, - P (B K*utu
H : — x = B — 5 — /’l‘ /’L
b—sll: . BR (B+ = Ktete) M = BR(B = Krere) s oI ( )
s . 3 ~U, BR(B — D*r s,
BR(B — Dﬁ_Dg) BR(B — D*E—yg)
1.6 TN T [ T T T 1 T T/ 1T T T T 1 T T/U 1 5 1.3 Q N verrrporor ot | I
— N - BaBar, PRL109,101802(2012) .
- \ BSM / é ) 05 - Belle, PRD92,072014(2015) Ax* = 1.0 contours :
L 2 [ LHCb, PRL115,111803(2015) . N
1.4- C/’R K/ / “ - 0.45F — Belle, PRD94.072007(2016) === SM Predictions -
- N\ - """ ——— Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015) .
1.2 L 7 [ ——— LHCb, FPCP2017 R(D)=0.299(11) ENAL/MILC (2015)
s _ 04 - O Average R(D*)=0.252(3) S. Fajfer et al. (2012) _]
S 10 - R ety
0.8 - p 0.3 :— %l l \‘/‘,20 -—E
0-4 - Lo L\ N I S N I I A I N SO EON I SO I B : 02 :_ | | | Pi;zc)P=2(7)176;%—:
04 06 08 1.0 1.2 14 1.6 0.2 0.3 0.4 0.5 0.6
R(D)
Ri
G. D’Amico et al., arXiv: 1704.05438 [hep-ph] HFLAV group
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Flavour Anomalies

® )H—sll : Consistent with NP contrib. to I_).S}PL L~ contact interactions

® NP interaction scale < 80 TeV [unitarity] (< 9 TeV if common explanation

for both b—sll and b—clv) N
L. Di Luzio, M. Nardecchia, arXiv: 1706.01868 [hep-ph] AT
- 1
1.0 1 : ’__/__- .‘._.
T — KL A 759N B 4V
Homapu ~ bryaspit (Co¥y* + Cig'y ys) w+hee. i ) 1
&) 1 + f /.7
T I N ST
B [T +0.16 SR S
ACQ —_— AC]_O —_— _0063_017 N ’f—-i_'__.._;'f..
W. Altmannshofer, P. Stangl, D.M. Straub, arXiv: 1704.05435 [hep-ph] o5 P e ———
b— n;:;.: gl()bﬂ[ fit
. o all
. Can d Id ates (Tree_ I eve I) : -t rav all, fivefold non-FF hadr. uncert.
-2.0 —i 5 —; 0 —l"J., ﬂII'J l’:f-’) ".f() 1.5

G. D’Amico et al., arXiv: 1704.05438 [hep-ph]

Sizable interactions with muons= Good opportunities at a Muon Collider
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Flavour Anomalies

e Candidates (Tree-level):
Sizable interactions with muons= Better tested at a Muon Collider

— Very small (Bs mixing)

= Better tested in u* u- 2ut u-

(s and t-channel exchange)
— Sizable to explain anomalies

7 7
- Main effect via t-channel: u* u- = bb, ss
’ Lo ’ - Pair production
_______ - Single prod. via
X
H H

€

M.D. Doncheski, S. Godfrey, arXiv: hep-ph/9807290

Muon Collider Workshop 2018 Jorge de Blas

Padova, July 3, 2018 INFN - University of Padova



Direct reach at Muon Colliders

Muon vs Hadron Colliders: High Energy Reach

® Hadron collider provide higher operating energies but cross sections
affected by PDFs

Muon Coll. /s. Hadron Coll. \/sH
_ 1gaa _ 1 1 dr dL | s A
or(sr) = .-[86]L ou(E,su) = 5 - sz/SH =286 H
500 | or(sy) = ou(\/SL; SH)
Hadron Coll.

operating energy |/sH 200 |

to give same
BSM cross section

N Y
3

at E= |sL , _
as Muon collider 501 ] llustrative for
— [salu=[sO]L ! QCD-Neutral BSM
[§3]H=10 [§5]L ’
20 N 1 N N N N 1 N N N N 1 N N N N 1 N N N N | N N N
5 10 15 20 25 30

sL [TeV]
Fig. by A. Wulzer
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Direct reach at Muon Colliders

Muon vs Hadron Colliders: High Energy Reach

® Hadron collider provide higher operating energies but cross sections
affected by PDFs

Muon Coll. /s. Hadron Coll. \/sH
A n 1 A n
or(sy) = i 86 o(E,syg) = é sz/SH drd (36
500 | O'L(SL) = O'H(\/ga SH)

~10 TeV Muon colliders
comparable to
~100 TeV Hadron colliders

Hadron Coll.
operating energy |/sH
to give same
BSM cross section

200 -

\/ SH [TeV]
S
é

at E= |sL , JsL equiv. to
as Muon collider sol | lustrative for Jsn =100 TeV
— [SOln=[SO]L 1 QCD-Neutral BSM ~7-8 TeV
; [SO1H=10[SO]. |
20 R T TP TP S S
5 10 15 20 25 30

sL [TeV]
Fig. by A. Wulzer
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Direct reach at Muon Colliders

Muon vs Hadron Colliders: High Energy Reach

e Example: Fermionic Top partners in Composite Higgs

LI L I LI I LI DL L I LI I L L l L I LI L I L L I I

] 10 =
Y - ~——— LHC, (s=13 TeV —— ucoll, \{\@ =18TeV 5
- _ ~— ncoll, ys=12TeV
s L —— LHC, s=30 TeV wcoll (s =6TeV __
= —— FCC-hh, (s=100TeV ~ —— pcoll, (s =2.4*"M, =
107 =
107 =
10°° = \ \ =
- \ -
10_4 =1 I 1 | 1 1 ‘l 1 11 1 1 \ I 1 1 1 1 l 1 1 1 1 L 1 1 1 1 l 1 1 1 1 l 1 1 1
1 2 3 4 5 6 7 8 9

M, [TeV]

Fig. by A. Wulzer
Similar results/conclusions for SUSY sTops
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Direct reach at Muon Colliders

Muon Colliders: Requirements for Direct searches

® Energy enough to pair-produce ~5 TeV BSM (naturalness, conventional Top
partners)

® Run for a reasonable time (e.g. 3 x LHC) — 900 fb-1

® Probe easy decay modes of BSM: Pair-produce > 100 EW particles

\/s 1034 cm—2s—1 10 TeV

2 2
N = 1300 (10 TeV) ( L ) = L > 1—13 ( V'S ) 1034 cm—2%s—!

e.g. Top partners/Stops
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Indirect tests: Energy and Accuracy

e A future collider must be also able to provide accurate measurements of
SM processes to perform precision tests of new physics

107 g | | T T T T | | 106 ) ) ) ) ) ) | ) ) ) ) | ) ) ) ) | ) ) ) ) 108 ‘lf‘\
E + - + - o
s [ M > X 105 mp > X o7 0
108 =, Z10%g
= p e (1° cut 3 g
N + ° - 3}
105 E 104 AN /J'\:u' (20 cut) — 106 go
3 5 T~ _ yur (20° 20 GeV) 3 i
i 3 3 o~ 5+
—~ E S ~ 10 WW,ZZ - h = = —3 10 5
o = nQ — 3 &
S ] S 2 4 w
~ 5 ~ 10 10 ..E
i
o S b g
@ 10! 103 —
3 5 3
= ] =
5 100 WW,ZZ - hh 102 4
00 L1 | L1 | L1 10—5 10—1 11 | i 11 | L1 | L1 | L1 j 101
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Vs,, (GeV) Vs, (GeV)

® Such precision tests can also benefit from High Energies...
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Indirect tests: Energy and Accuracy

® Even if new physics is beyond direct reach, high energy measurements can
improve greatly the indirect sensitivity to virtual new physics effects
EFT description of BSM effects

‘CEff:Zflozélﬁﬁd:lﬁSM_'_%ﬁgs—l—%Eﬁ—l—“-

L,=Y,Clo; 0] =d — (2)%7*

gq=v, E <A
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Indirect tests: Energy and Accuracy

® Even if new physics is beyond direct reach, high energy measurements can
improve greatly the indirect sensitivity to virtual new physics effects
EFT description of BSM effects

™ B ™ . B
E-const effects E-growing effects
AO v2 AO ‘ ~ E?
O lcg ™~ A2 O lIcg A2
Sensitivity benefits from: Sensitivity benefits from:
. Accuracy (L, low sys., low th. unc.) ) X Accuracy and High Energy )

High E can compensate less accuracy = Precision Tests at High E colliders

Muon Collider Workshop 2018

Jorge de Blas

Padova, July 3, 2018
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Indirect tests: Energy and Accuracy

e Example: Indirect reach for universal NP effects via Drell-Yan
Oblique W & Y parameters

Lwy = _ﬁ(apB/w)z — %(Dpwﬁu)z — _;/]\94‘%‘[ (J}Fﬁ)z - 2‘)‘/]\/193‘[ (Jg”)2 T

Induce 4-fermion operators:
Contribution to cross section for
) E2
2—2 fermion processes ~ ;3

LEP ATLAS8 | CMS8 LHC 13 100TeV | ILC | TLEP | CEPC | ILC 500GeV
luminosity | 2 x 1072 | 19.7fb~* | 20.3fb~" | 0.3ab™' | 3ab™!| 10ab '| 10°Z | 102 Z | 10'°Z 3ab™!
NC | Wx10* | [-19,3] [—3,15] | [-5,22] +1.5 +0.8 | +£0.04 | £4.2 | £1.2 +3.6 +0.3
Yx10* | [-17,4] [—4,24] | [-7,41] +2.3 +1.2 | 4+0.06 | £1.8 | +1.5 +3.1 +0.2
CC | Wx10* — +3.9 +0.7 | £0.45 | £0.02 — — — —

M. Farina, G. Panico, D. Pappadopulo, J. T. Rudermann, R. Torre, A. Wulzer, arXiv: 1609.08157 [hep-ph]

Only CLIC at 3 TeV (3 ab-1) could be competitive with 100 TeV Hadron Collider

A High(er) Energy muon collider could do better with less Lumi

[dtL > 3G TV 5p—1
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Indirect tests: Energy and Accuracy

e Example: Indirect reach for universal NP effects via Drell-Yan
Application to Accidental DM scenarios

1 EFT limit
] EWIMP . .
N 7 v 7 4 W — 9°Cilw miy v — g*Chp mj
’ ’ 96072 m? 96072 m?
I 4 Cefly = K(n® = n)/6, C& = k2nY?

K= %,1,4,8 for RS,CS,MFKDF

Example: Indirect reach at Multi-TeV lepton coll. (CLIC 3 TeV)

Vs=15TeVZ =1ab™'@P,,, = (—80%,0%) Vs=3TeVZ=2ab"'@P,., = (-80%.0%)

< _  YDE | L et VO PR T e TR 9 e
(1,3 2_95%CL RS yst=0-1%_ 5| 95%CL // =0.1%
(1,5 | Preliminary eDudbdc  |Preliminary cDUDLDC

CS
*k o 7 o6 1
(L,5,0)ur V-0 5\ / // 5./ /K //
(1,7, E)CS,DF 16 §4/ /V _ |:4 N/%
3 A 3 A

Suppressed indirect effects ] I
Reach still larger than Direct for DF Triplet ' ' ' '

L. Di Luzio, R. Grober, G. Panico, CLIC Physics Potential Yellow Report, In preparation
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Conclusions

® Theoretical motivation for a high-energy muon collider is clear in several
directions of BSM exploration

e BSM physics at a Multi-TeV muon collider:

® Possible to define minimum interesting energy/luminosity requirements

® Pros: Clean environment, Lumi increases with energy, reach
comparable to Hadron Collider operating at much higher energies

e Challenges: Neutrino radiation, background, technology has to be
demonstrated

® A high-energy muon collider can also perform precision tests of NP
(Important both in presence or absence of a new discovery)

Muon Collider Workshop 2018 Jorge de Blas

Padova, July 3, 2018 INFN - University of Padova



Backup Slides
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Sterile Heavy Neutrinos

® Neutrino oscillations prove that neutrinos have mass.

SM: Neutrinos are massless = BSM physics

® Majorana neutrino mass can only be generated in the SM via higher-
dimensional operators

2
Weinberg operator o (15 \e X AT7T U NG, i
® Seesaw mechanism(s):
N
\ \I"LA/ /
N\ 7/ e N\ 7/
(I) :\ N /7 (I) " A (I) : z , 7/ (I)
My My | Ay Ay
/ / | / /
[ D [
(D (II) (III)
Neutrino singlet Scalar triplet Lepton triplet
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Sterile Heavy Neutrinos

® Present in minimal neutrino mass models (seesaw mechanism type 1)
yfja VEW

/2 M

® |nteractions with SM via mixing with active neutrinos 0, =

Production Decay
e

5000 T T T ]
”+ Y 05 >W< ete ]
W N W ~ © Collider
e N 1000 ]

= 900+
3 ]
”+ v — 7 |
v % e v

e 000, 2 | §

ﬂ_ 7 Qeﬁu;@r N N ) S 1007 \{ N:
50 m :
ﬂ+ % \ |

> Oc, Oy, 0 0 1 | ‘\\
U h mir N < 6.0,6, 10 50 100 500 1000
N AN

<, M [GeV]

S. Antusch, E. Cazzato, O. Fischer, arXiv: 1612.02728 [hep-ph]
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Sterile Heavy Neutrinos

® Present in minimal neutrino mass models (seesaw mechanism type 1)

® |nteractions with SM via mixing with active neutrinos 0, =

yfja UVEW
V2 M
Production Decay
+ . 50000 S -
”_f 10_17““““‘““‘\“‘\www\\\\~
Neutrino prod. at Muon Collider DELPHI
# 1 Larger Energy reach than Linear Colliders ol

But current (indirect) constraints are
stronger for mixing with 2nd family for
/]

10—3 L

1074,
/| minimal seesaw models with
" | EW-scale neutrinos... 107 ]
”+ o ‘2‘0‘ 40 ‘6‘0‘ | ‘8‘0‘ | ‘1(‘)0‘ | 120 ]
M [GeV] }\
pr 7 6.6,0, ™0 50 100 500 1000
NN M [GeV]
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