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Particle Physics

2> (Possible) Answer to Open Mysteries, Interface Cosmology
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Hi 995 Evolution FINITE-TEMPERATURE EFFECTIVE POTENTIAL
cJ Vet (h, T) = Vo(h) + V;°P(h) + Vp(h, T)

L’m Ear\y univers

Tree-level Loop Thermal
potential corrections corrections
(Perturbative) Nature O—P EV\IPT
1*" Order: 2™ Order:

(R =0 = (hy = h(T) Discontinuous

(R =0 =» (R = A(T) Continuous
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Higgs Evolution FINITE-TEMPERATURE EFFECTIVE POTENTIAL
L & J Vest (b, T) = Vo(h) + V,°°P(h) + Vi (h, T)

iN Ear\y univers

Tree-~level Loop Thermal
potential corrections corrections

(Perturbative) Nature of EWPT
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SM: EWPT (non—PchrurloaJrivcly) is Smooth Cross-Over

K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887
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BsSM : New Physics sizcalaly couplccl to Hiﬁﬂ; can alrasﬁcally
clnanac the EWPT naoture
> New Physics will induce deviations in Higgs couplings W
> New Physics needed close to EW scale




What BSM Scenarios”?

SM + Scalar Singlet

SM + Scalar Doublet
(2HDM)

SM + Scalar Triplet

MS5M

NMSSM...

EFT Approach (H°)

Espinosa, Quiros 93, Benson 93, Choi, Volkas 93, Vergara 96, Branco, Delepine, Emmanuel-
Costa, Gonzalez 98, Ham, Jeong, Oh 04, Ahriche 07, Espinosa, Quiros 07, Profumo,
Ramsey-Musolf, Shaughnessy 07, Noble, Perelstein 07, Espinosa, Konstandin, No, Quiros
08, Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy 09, Ashoorioon, Konstandin
09, Das, Fox, Kumar, Weiner 09, Espinosa, Konstandin, Riva 11, Chung, Long 11, Barger,
Chung, Long, Wang 12, Huang, Shu, Zhang 12, Fairbairn, Hogan 13, Katz, Perelstein 14,
Profumo, Ramsey-Musolf, Wainwright, Winslow 14, Jiang, Bian, Huang, Shu 15, Kozaczuk 15,
Cline, Kainulainen, Tucker-Smith 17, Kurup, Perelstein 17, Chen, Kozaczuk, Lewis 17...

Turok, Zadrozny 92, Davies, Froggatt, Jenkins, Moorhouse 94, Cline, Lemieux 97, Huber 06,
Froome, Huber, Seniuch 06, Cline, Kainulainen, Trott 11, Dorsch, Huber, No 13, Dorsch,
Huber, Mimasu, No 14, Basler, Krause, Muhlleitner, Wittbrodt, Wlotzka 16, Dorsch, Huber,
Mimasu, No 17, Bernon, Bian, Jiang 17...

Patel, Ramsey-Musolf 12...

Carena, Quiros, Wagner 96, Delepine, Gerard, Gonzalez Felipe, Weyers 96, Cline,
Kainulainen 96, Laine, Rummukainen 98, Carena, Nardini, Quiros, Wagner 09, Cohen,
Morrissey, Pierce 12, Curtin, Jaiswal, Meade 12, Carena, Nardini, Quiros, Wagner 13,
Katz, Perelstein, Ramsey-Musolf, Winslow 14...

Pietroni 93, Davies, Froggatt, Moorhouse 95, Huber, Schmidt 01, Ham, Oh, Kim, Yoo, Son 04,
Menon, Morrissey, Wagner 04, Funakubo, Tao, Yokoda 05, Huber, Konstandin, Prokopec,
Schmidt 07, Chung, Long 10, Kozaczuk, Profumo, Stephenson Haskins, Wainwright 15...

Grojean, Servant, Wells 05, Bodeker, Froome, Huber, Seniuch 05, Huang, Joglekar, Li,
Wagner 15...



What BSM Scenarios”?

Chung, Long, Wang, PRD 87 (2013) 023509

NO 5y9+cma+ic aPProach For BSM
yielding 1°7 Order EW Phase Transition
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=2 New Particles Present in Thermal plasma - EW Scole

2 New Particles get mass From EWsSB
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What BSM Scenarios”?

5M + Scalar Singlet.
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E\W Phase Transition @ FCC

Indirect Probes
Hiﬂ@g couplinas (+ EWPO)
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E\W Phase Transition @ FCC

Indirect Probes
Hiﬂ@g couPIinﬂs (+ EWPO)
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Direct Searches (FCC-hh) w oY
T

> Required to ESTABLISH 1°* Order EWPT 30‘\,1\#“




5n9°" £\ Phase Transition @ FCC

priven
The XSM (singlet scalar extension of the SM) ; 5 BSM Parameters
Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708 (2007) 010 Le=" - : ¢y'4 4 *
Espinosa, Konstandin, Riva, Nucl. Phys. B854 (2012) 592 _.=="" ’,/' ’ .' *
2 4 . 2 b 2 53 3 b4 4
V(H,S) = —p2 |HP+\ [H[*+ 2 S|H| +2 > 2 |H| +5 2624 550+
N AN

% Hiﬂ@g - Sinalc’r Mixing

Hiaa; Portal




5n9°" £\ Phase Transition @ FCC

priven

The XSM (9inglc+ scalar extension of the sM) 5 BSM Parameters

Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708 (2007) 010 Le=" - : .’ i '4 4 *

-” - ]
Espinosa, Konstandin, Riva, Nucl. Phys. B854 (2012) 592 L= L7 ’ ! *
L 4
L 4

-
-
-
-
-
-
-
-
-

P
-
"
-

V(H,S)=—p?|H| +)\|H|4+ S|H|?+2 S2|H| +b 52+6353+ 54
N 2 AN 3

; g Hiﬁ@g - Sing\c’r Mixinﬁ

Hiags Por+tal

54

G+
H:( L(vn—}—h—}—i(}'n) )’ S=zp+s

V3
hy
ha

( cosfl  sind ) ( h ) <in 20 — (a1 + 2asxg)vg m, 125 GeV

—sinf  cosf S (m% — m%)

hz Ihherits its coup/ingc; to SM via Higgc; Mixing



5nd°" E\W Phase Transition @ FCC

priven

The XSM (singlc+ scalar extension of the sM) 5 BSM Parameters

Profumo, Ramsey-Musolf, Shaughnessy, JHEP 0708 (2007) 010 Le=" - : .’ i '4 4 *

-” - ]
Espinosa, Konstandin, Riva, Nucl. Phys. B854 (2012) 592 L= L7 ’ ! *
L 4
L 4

-
-
-
-
-
-
-
-
-

Pid
-
"
-

V(H,S) = —u?|H| +)\|H|4+ S|H|? +22 S2|H| +b 52+6353+ G4
N 2 AN 3

; g Hiﬁ@g - Sinalc’r Mixinﬁ

Hi Portal
(o ) semee

7 (vn + h+iG°
hy
ha

54

2

( cosfl  sind ) ( h ) <in 20 — (a1 + 2asxg)vg m, 125 GeV

—sinf  cosf S (m% — m%)

hz Ihherits its coup/ingc; to SM via Higgc; Mixing

[/ﬁ m,_ < 250 6[6\/}

= Non-Resonant Collider Signatures™ Yo
No BSM Decags of h Chen, Kozaczuk, Lewis, JHEP 1708 (2017) 096 “010
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Resonant Hiﬁﬂg Pair Production
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» Scan ofF 1°t Order EWPT Parameter Space
> Projcc’r Scan into m_, o(h) x BR(h - h h) @ 100 TeV

Kotwal, No, Ramsey-Musolf, Winslow, PRD 94 (2016) 035022




» Scan ofF 1°t Order EWPT Parameter Space
> Projcc’r Scan into m_, o(h) x BR(h, - h h) @ I00 TeV

Kotwal, No, Ramsey-Musolf, Winslow, PRD 94 (2016) 035022

¢
/QZ»
| &
1000 <, . " ’
: : Benchmark cos@® sind  (GeV) (pb) BR
900} : B1 0976 0220 341 2239 0747 ~ 47 pb
800 Max oxBR o : B2 0.982 0.188 353  19.0° " 0.76
- : . ' B3 0.983 0.181 415 20.1 0.33
- M BR ' .
g; 700} MoxER T } B4 0.984 0.176 455 163 0.3l
Q. 600¢ : e B5 0.986 0.164 511 108 0.24
€ 500 5_ : (el 1 B6 0.988 0.153 563 696 023 BMmax
: : a0 B7 0.992 0.129 604 401 030
400+ : I BS 0.994 0.113 662 223 033
3001 . "'*.;-‘g-$ B9 0.993 0.115 714 173 020
: : A R B10 0.996 0.094 767 0,918 - .22
0.94 095 096 097 098 099 1.00 Bll 0.994 0.105 840 ¢0.802 0.079, ~ 50 fb
:S_-_._____-_ﬁ
cosf
s o
Benchmark cos@® sinf (GeV) (pb) BR
10} L
5| Bl 0999 0029 343 %0428 _072- ~ 03 pb
[ B2 0973 0231 350 27.8 0.014
% B3 0980 0.197 419 235 0.018
" B4 0999 0026 463 0334 0.63
o BS 0999 0.035 545 0408 0.62 :
8 050} B6 0999 0.043 563 0553 0.62 BMmin
5 B7 0984 0.180 609 7.67 0.030
BS 0987 0.161 676 4.17 0.037
010 b B9 0990 0.138 729 233  0.045
005t , B10 0995 0.104 792 099L..0,12
400 500 600 700 800 5010062 ~ 50 F

ms(GeV)



Decay channel Branching ratio

bbbb 333 % 107!
rthb 729 x 1072
W*(= W)W~ (= lv)bb 1.09 x 1072
{ﬂ'ﬂ 3.99 x ]ﬂ'jJ
yybb 2.63 x 10~
W (= W)W (= lv)r 120 x 107
yyTe 2.88 x 107
bbut 2.53 x 107
Z(= FI)Z(= IT17)bb 141 x 107
bbZ(— ITT7 )y 121 x 107




bby~y 4T
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ho — hih (bl_}’}”}’ + 471)

100 TeV, 30/ab ==
100 TeV, 3/ab ==
14 TeV, 3/ab

/P'CC hh (30 ab™) Iaracly Pr'olacs

N

1%t Order EWPT parameter spoce

via h, > h h
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ho — h1h1 (bb’}”}’ + 4’1‘)

100 Tev 30/ab - FCC hh (30 ab™®) largely probes
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14 TeV, 3/ab mmm A= Or‘dcr‘ EWP T POFOmC"'CF GPGCC
\via hz — h| hl
____________ N 1000 e
B, e ] pp—>¢—->VV
\ Buttazzo, Sala, Tesi, 2015 e
R
N L
T . q.
| | | 5 10pNVQr
[an \ “ ‘n‘
2 s 0 s » » s 0 w » » s 0 w » »u wm " = s om - ;ﬁ \\ ..-
400 500 600 700 800 - ;‘ “tea. 100 TeV, 3 ab™!
2 ~ - ~L, o Tmaaa..
m, (GeV) : < --.,_____ .....
0.1r l4TeV, 3ab™ | 33TeVSabj.---..T1
4 InJrcr'Play with h2 - VW searches 1000 2000 3000 4000 5000 6000
my |GeV]

Crucial For Hiaas + Sir\ﬁchr Par'amc+cr' extraction
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> ImPach ofF Resonant Di—HiﬂaG on Hi@ﬂg c;clP—couPIina extraction at FCC hh
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> ImPach ofF Resonant Di—HiﬂaG on Hiﬁﬂs c;clP—couPIina extraction at FCC hh

» Go Iocyoncl EWPT numerical Scan . . .
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Summary

> Nature of EW Phase Transition = Clear Target for FCC

ic ?
EW Baryogenesis * . as part of 25 GeV (ee) / Heavy

Higgs (hh) FCC Physics Programme

> h - hh @I00 TeV Proviclcs excellent sensitivity to EWPT

(|n+crplay with A - SM, Indirect, hon-resonant..)
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BACKUP




How 5cn9'|+ivi+y scales with COM Encr'gy?

What COM. Energy Needed to Quantitatively S+uc|y Singlet-Driven EWPT?

ha — hihy  (bbyy + 47)

A S SRR S S

500 200 TeV, 30/ab ==
100 TeV, 30/ab =
50 TeV, 30/ab =

100

10
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