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@ Open Questlons in the SM

* Dark Matter
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* Matter-antimatter asymmetry

I LR

* Hierarchy problem of Higgs mass

* Neutrino masses

Expected w/o
oscillati

* Flavour hierarchies
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-+

£ 10 _+__+:+" Expected with

1 oscillation
[SuperKamiokande ‘98]
0 :

Need Physics beyond the SM: at which scale(s)?
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Challenges for naturalness ~TeV scale

TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

10 TeV

ATLAS Preliminary

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

Status: May 2020 f.C dt = @.2-139) fo ! V5=8,13TeV
Model l,y Jetsi ET™ [rdifib Reference
7 — T T T
ADD Gkk +g/q Oep 1-4j  Yes 361 Mo 7.7 TeV. 1711.03301
£ ADD ron-resonant yy 2y - = 367 |Ms 8.6TeV 3HLZNLO 1707.04147
-g ADD QBH - 2j - 370 | My 8.9 TeV 1703.09127
& ADDBH high ¥ pr 2len 22j = 32 My 8.2TeV , Mp = 3 TeV, rot BH 1606.02265
’é’ ADD BH multijet - >3j - 36 M 9.55 TeV| . Mp = 3 TeV, rot BH 1512.02586
5 RS1Guk > yr 2y - - 36.7 | Gk mass 4.1 TeV 1707.04147
©  BukRS G > WW/2Z multi-channel 361 | Gy mass 23TeV 1808.02380
% BukRS Gy —» WV - fvqq leu 2j/1J  Yes 139 | Gkxmass 2.0TeV 2004.14636
W BulkRS gk — tt leu >1b>102 Yes 361 |[@kxmass 38TeV r/m= 1804.10823
2UED/RPP leu 22b23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY — tt) = 1 1803.09678
SSM 2" — ¢t 2en - = 139 |2/ mass 5.1 TeV 1903.06248
SSM Z' - 7t 27 - - 361 [Z/mass 2.42TeV 1709.07242
@ | Leptophobic Z’ — bb - 2b - 361 |Zmass 2.1 TeV 1805.09299
§ | Leptophobic Z’ - tt Oep >1b22J Yes 139 [Zimass 41Tev r/m=12% 2005.05138
8 | SsMW’ ¢y len = Yes 139 | W/ mass 6.0 TeV 1906.05609
8 ssMW o 17 - Yes 361 | W< mass 3.7 TeV 1801.06992
Q  HVTW > WZ-(vggmodelB teyn  2j/1J Yes 139 |Wrmass 43TeV 2004.14636
§ HVTV' > WV - qqqqmodelB  Oen 2J = 139 |V mass 3.8TeV 1906.08589
@ | HVT V' - WH/ZHmodel B multi-channel 361 | V/mass 293 TeV 1712.06518
HVT W’ — WH model B Oepu >21b22J 139 [Wemass 3.2TeV CERN-EP-2020-073
LRSM Wy — tb multi-channel 361 | Wg mass 3.25TeV. 1807.10473
LRSM Wg — uNg 24 - 80 | W mass 0TeV m(Ng) = 0.5TeV, g = gr 1904.12679
—  Claggqq = 2j = 370 |A 21.8TeV 7, 1703.09127
©  Clttqq 2epu - - 139 A 38TV 1, CERN-EP-2020-066
Cl ettt teu 21b>1] Yes 361 |A 2.57 TeV. |Carl = 4n 1811.02305
Axial-vector mediator (Dirac DM) 0 e, u 1-4j  Yes 361 Mined 55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
= Colored scalar mediator (Dirac DM) 0 e, 1-4]  Yes 361 | Mmes .67 TeV £=10, m(y) = 1GeV 1711.03301
Q| vV EFT (Dirac DM) 3 14,<1j Yes 32 [Mm. 700 GeV miy) <150 GeV 1608.02372
Scalarreson. ¢ — ty (DiracDM)  0-1e,u 1b,0-1J Yes 361 |ms 3.4TeV y =04,1=02,m(y) = 10GeV 1812.09743
Scalar LQ 1% gen 12e 22j Yes 36.1 LQmass 1B TeV B 1902.00377
Q  ScalarLQ 2™ gen 12u >2j Yes  36.1 LQ mass 56 TeV 1902.00377
= ScalarLQ 39 gen 27 2b - 361 |[LOymass 1.03 Te! B(LQS — br) =1 1902.08103
Scalar LQ 3 gen 0-1eu 2b Yes 361 [LOjmass 970 GeV/ B(LQ§ > tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 361 | Tmass 1.9 Tev SU(2) doublet 1808.02343
59 VLQBB - W/Zb+ X multi-channel 361 | Bmass 1.3 Tev. SU(2) doublet 1808.02343
® 5 VLQ Ts3TsplTss > We+ X 2(SS)/=8eu>1b>21] Yes 361 Ts/3 mass .64 TeV. B(Tsj3 = W)= 1, c( TesWe)=1 1807.11883
£33 VLAY Wb+ X lep 21b>1 Yes 361 |Ymass 1.85 TeV. B(Y — Wh)=1, cr(Wh)=1 1812.07343
VLQ B - Hb + X Oep2y 21b,>1 Yes 798 k8=05 ATLAS-CONF-2018-024
VLA QQ — WqWq 1en >4j Yes  20.3 1509.04261
@ Excited quark " - qg = 2j = 139 6.7 TeV only u* and d*, A = m(q") 1910.08447
E & Excitedquark g" — qy 1y 1j - 367 53TeV only u* and d", A = m(q") 1709.10440
S E Excited quark b* — bg - 1b,1j = 36.1 1805.09299
@ § Excitedlepton (* 3eu - - 203 A=30TeV 14112021
Excited lepton v* et - = 20.3 A=16TeV 1411.2921
Type Ill Seesaw Tepn 22j Yes 798 | N'mass 560 GeV' ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 361 3.2TeV m(We) = 41TeV, g = gr 1809.11105
ot Higgs triplet H** — ¢ 234eu(SS) - - 36.1 870 GeV DY production 1710.09748
£ Higgs triplet H** — (r 3eut = - 203 DY production, B(H;* — (1) = 1 1411.2921
O  Multi-charged particles - - - 36.1 multi-charged particle mass 1.22fev DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 344 | monopole mass 2.37TeV DY production, |g] = 1gp, spin 1/2 1905.10130
Ve=13TeV | ys=13TeV P | = L P L PR L PRI
partial data full data 10 0 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

Ways out of the
null-results of
NP searches

Non-minimal versions of
the investigated models,
revisit simplified models,
assumptions of spectra,
new benchmarks...

Conceptually different
models, e.g. new
dynamics instead of
symmetries

- relaxion
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Outline

Extended Higgs sectors Relaxion framework ‘,

* Rolling and stopping

* Adding singlets

« 7, symmetry * Relaxion-Higgs mixing

* Role for e.w. phase transition * Relaxion vs any (pseudo)scalar
New sources of CP violation Disclaimer/strategy
» Time-varying phases 3 e ” LE?‘:“ * Picked complementary BSM models
B i Bk Gt Z ‘ ‘ Ne-¢etatrrrorcompteteness > Claim for incompleteness
e ; - * BSMat TeV scale can also have effects at lower energies
+ Complex Yukawas in EFT é * i
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. EXTENDED HIGGS SECTORS WITH SINGLETS




Non-minimal Higgs sectors

» SM with 1 Higgs just minimal solution

*Why more scalars? @ Q

~ Scalar potential needs to be modified to enable first-order electroweak phase transition

* Different Higgses for up-/down-type masses?

> More parameter space

* Why scalar singlets?
* Interact with SM particles via the Higgs

* Minimal extensions with rich phenomenology

2nd

1*' order order

> Can help with phase transition
>~ Adding singlets to doublet models (» N2HDM, NMSSM): can relax mass constraint of s
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SM+S

*SM + 1 real singlet scalar: simplest extension of the SM
V = 12010 + Mg (DT®)? + 4252 + AS* + Xp @' 052
doublet new singlet + Zs breaking terms

* Well studied model with different scenarios:

> /,conserved or explicitely broken

> S can be heavier or lighter than hy s
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SM+S with spontaneous.Z.

M. Carena, Z. Liu, Y. Wang ‘19
* Modification of e.w. phase transition challenging

>~ modifications occur only at loop level due to cancellations by Z,
* Light singlet S, possibly <S>~TeVat T=0
* Upper bound on singlet Higgs mixing quartic )\hgq)T@Sz

> Need almost degenerate minima at T=0

* phase transition enhanced: strongly 1st order possible

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 8



SM+S.Z_ : phase transition + collider

* 1- or 2-step phase transition M. Carena, Z. Liu, Y. Wang '19
) Spontaneous Z2 breaking SM1S SFOEWPT
H |gh T EW resto redl 0 L ‘~~~~. --.-------. ------
s but Z not restored : e
-1 L Tl
(v, w) YD HL-LHC|
-2 333338
@\ ¢
24 ++ SN
T 1-3F IRERE -
-1:, : : Future Lepton Collider.
D40 e
] 3 m SFOEWPT
= | .
. ) -5 . e_1loop + Daisy!
- \ _ \ - ® w co0s6>0.95
K(O, 0) (,0) h (0,0) (3,0) h _6f o ® w cos6>0.995]
Thermal history starts . _7 11N
/ Starts in Z, broken phase 0 10 20 30 40 50 60

in symmetric phase Exotic h decay light scalar

Signatures: h-> SS decay, Higgs precision coupling measurements, Higgs self-coupling, gravitational waves

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 9




SM+ZS Wlth Z2 5 talk by T. Stefaniak

Robens, Stefaniak, Wittbrodt '19
*2real singlets S, 1 doublet ¢ of SU(2),
V= 13070 + Ag(@T0)2 + \25253 + D 1287 + \iSF + N ,i@TDS?

i=1,2
» Described by 3 masses, 3 vevs, 3 mixing angles > hy 5
0.07
~ Perturbative unitarity constraints, boundedness of V hy < }Fsm 120 —
- - = 0.06
. . A 00!
» Sub-case of general 1 complex singlet extension 1 =0
f’\\ 80-_- §\‘~\
/ hy < }FSM 5 60'_\>l,\__ N g
*h,> h,h_decays: hy - - P,
> cascades, multi-Higgs final states Nk < }Fsm ] -
h2 1 ,,’ QN HiggsSignals ‘
. . \ - HHt Boundedness
" rich (so far overlooked) signatures X ) 000
\\\ M; [GeV] .
L }FSM Benchmark with h . =h,
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. RELAXION MECHANISM




Relaxion and Higgs potential

Graham, Kaplan, Rajendran ’15I
Relaxion V() Higgs V(H)

“

N\

Potential plots by M. Schlaffer

slow-roll v =20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran ’15I
Relaxion V() Higgs V(H)

AN

slow-roll v =20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran ’15I
Relaxion V() Higgs V(H)

€

slow-roll v =20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran ’15I
Relaxion V() Higgs V(H)

p2(¢) = —A* +gAp <0 o

ety

Backreaction barrier> wiggles grow (v 7& 0
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran ’15I
Relaxion V(o) Higgs V(H)

Mo L/

Bz/ackreaculonz vvhen. 2 ;,é 0
Vion = —V4,. ~ relaxion stops

T

obs
mp — mh
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Various relaxion models @ ® ¥

Not a complete list! V(H)=p*(¢)H'H + \(H'H)?
* Minimal model: QCD (rel)axion V(¢) = rgA3p + ...

* Non-QCD strong sector

* Double-field mechanism@a )

Espinosa, Grojean, Pomarol, Pujolas, Servant '15

* Familon (pNGB of spontaneously

broken flavor symmetry)
Gupta, Komargodski, Perez, Ubaldi 15

Backreaction sector and scale A, model-dependent

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 17



Models for relaxion stopping

* Standard: during inflation

* Alternative: friction via particle production — V'V Hook, Marques-Tavares ‘16
> Relaxation mechanism independent of inflation

> Friction from dark gauge boson production Choi, Kim Sekiguchi 16

*New proposal: self-stopping relaxion Fonseca, Morgante, Sato, Servant ‘19
> Also independent of inflation

> Relaxion quantum fluctuations - grow - relaxion production

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 18



What the relaxion can do for you Q I

*DM
> With particle production Fonseca, Morgante 18

> Coherent oscillations of very light DM - earth/sun halo
Banerjee, Kim, Perez '18; Banerjee, Budker, Eby, Kim, Perez ‘1 Can be realized for same

. ~ -10 -5
*Baryogenesis  Abel, Gupta, Scholtz 18 masses ~107% — 10~ eV

>~ CPT violation during slow-roll

*"hierarchion”/ Nelson-Barr relaxion: ew, strong CP, flavor hierarchies
Davidi, Gupta, Perez, Redigolo, Shalit '17 '18
«"All-in-one relaxion”: m, naturalness, DM, baryon asymmetry, m,and strong CP
Gupta, Reiness, Spannowsky 19

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 19



Relaxion-Higgs mixing

Flacke, Frugiuele, EF, Gupta, Perez '16;  Choi, Im 16

/N
—1— M, * Backreaction scale (wiggle height)
T herej:2(non—QCD)
—— f: oscillation 4 7 3
Ab Mbr U /\/_ — TbI‘
| A cutoffscale *+ CPV mixing term
of Higgs loop

M < TeV > ) Mﬁ;jvj_l . do
—T- m, (¢7 ) D, \/53]0 S111 (7

S endpoint of rolling

m,: relaxion mass

Relaxion couples to SM via relaxion-Higgs mixing-> measure

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 20



Relaxion vs SM+S

Lscalar = ng + Mz(qb)HTH + Ap (PI]L}I)2

General singlet Relaxion
1 A _ 3
Vo = 5mad” + a’?‘bgb?’ + gt Vo =rgh°¢

12 () = =A% + gAd — M? cos (¢/ f)

12 (9) = —ug + 2ans0 + Anpd”

Naturalness
sinf < meg/mp Mixing angle

Ao S ’m?b/vz upper/lower bound on relaxion-Higgs mixing?

Quartic coupling

Also CP-odd couplings to SM (like axion)

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 21



Baner ee, I\/Iatsedonskyl

Relaxed mass and mixing i

first minimum

generic minimum

[ — naturalness

] DR

VAVAU/\
UUUUUUUU |

* In which minimum (n) does the relaxion stop? 0™ w0 107 107 1 109
my [eV]

1l

/ |
va:r 10730 |

* Parametrical ysuppressed Mass

?’I’L¢ ~ Upper and lower limit on mixing angle
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Relaxion hunting at multiple frontiers

Frugiuele, EF, Schlaffer, Perez '18 + updates for future collider and European Strategy

EF, Grojean, Matsedonskyi, Perez,
Savoray, Schlaffer [in preparation]

Banerjee, Budker, Eby, Kim,
Perez '19

Flacke, Frugiuele, EF, Gupta,
Perez '16

Banerjee, Kim, Matsedonskyi,
Perez, Safronova 20

Logo[sind]

-5 _

10+ 1§ Beam dump, flavour
] | > Intensity
_15L Equivalence principle

Eot-Wash Be-Ti

S~ 45 -10 -5 0 5 10

Precision Log;o[my/eV]

LHCP, 05/28/2020
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New h decay: h~> ¢¢,

coupling modifier

invisible and untagged final states

FEP _ Flﬁw i ]__‘lfllllt

———————  Chog
total Higgs width 65
[ =T +THF ‘
N =cosd

):ﬁ:

ATLAS Preliminary (s = 13 TeV, 24.5 - 79.8 o
my, =125.09 GeV, ly, | <25
——

68% CL:
95% CL:

Bgsy =0 Ky <1 on = Koff
Pg,=88% p,=97% p, =95%

- talk by G. Petrucciani .
Updated with i
VBF, 139/fb: Kg

3,013 ¥k,

(o)
B

\I\I‘I\Ilirﬁ"l\lll\lll‘lll

-05 0 05 1 15

2

Parameter value

LHCP, 05/28/2020
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Direct and indirect bounds: prompt

* h>®¢¢ indirect (untagged)

* h>¢d >4f . direct (not shown
here)

* Z decay and production

Stops in I* minumum

Stops inany minumum
|dentify relaxion region

-1

Distinguish relaxion-region from any scalar
TeraZ could rule out heavy relaxion

-6

preliminary

-~

”/
- -
-
-~ S04
-
et d

-

- >
- e

EF, Grojean, Matsedonskyi, Perez, Savoray, Schlaffer [in preparation]

-
-
-

-
———
-

__________
_____________________________ - N
Z-li¢p TeraZ S o 5
~ 85 |o T o
N Q 3 = £
/ . |© B = -
7 Sa = =
! e
/ b P (.
1, | ~ = | i i ; i |
5 10 15 20
mgy [GeV]

If sin@ even smaller
> long-lived

> talks by Z. Liu, A. Reinsvold Hall, M. Saito, M. Kucharczyk,
B. Gomber, V. Mitsou; posters by E. Pastor, D. Wang
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IIl. NEW SOURCES OF CP VIOLATION




CP violation for baryon asymmetry

i, mml . sy
Sakharov conditions for Baryogenesis 4
|. B number violation
II.CP violation | o=
11.0Out of thermal equilibrium _
[adapted from quantumdiaries] e TPLANCK/ESA 2013]
nB —Np —10
7 L asymmetry to B asymmetry
_ . .. > high scal
* SM:dckm and fgep < 10710 insufficient il -
Gavela, Hernandez, Orloff, Pene '93 Electroweak baryogenesis:
Huet, Sather '94 during e.w. phase transition

- connected to the Higgs

Need CP violation beyond the SM > testableat collders

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 27



Restrictions on BSM CP vi

olation

~+ Discovered Higgs compatible with Jec=0+

ttH+tH, H>yy > talk by L. F|orinil
top Yukavva CP 12004.04545]

" Smau CP_Odd COmpOﬂeﬂt pOSS|ble %12_'_;‘(; """""" #B'e‘st'ﬂ ;;; ><‘ """
* Electron electric dipole moment (EDM) <, @
de < 1.1 107* ecm at 90% CL =\ U
ACME [Nature 18] B il E
h ," v, 4 AR p— 5008 T s 2
- o - - K,cos(0l)

KCanceHations N

| %///////%//

=e=Beer fir dr 68% CL
e

¥ cos(p*
, o o j(bg‘)

* Time variation of
CP phases
* CP suppressedin

visible sector
\ /

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models
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Time-varying Yukawas

Bruggisser, Konstandin, Servant '17; Baldes, Konstandin, Servant 16 ‘17

: ¢ SN Tws
* CPV only from CKM matrix N _
[image: Brug‘gisseretil] . 'SZ . |
* Flavour  EWPT:; -6 —4 -2 2 4 L 6
z[ Ly
» Embed in flavour model Broken % Symmetric
Frogatt-Nielsen, extra dimension, composite “L.
Higgs
* Scale of flavour structure can be i i
near ew. scale EDM suppressed 1*" order phase transition

CP violation large
* New scalar between m,and TeV

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 29



CP violation in dark sector

Different models, e.g.

+ Cline, Kainulainen, Tucker-Smith '17: spontaneous CPV in renormalisable
interaction of scalar with fermionic DM: CP restored at T=0

C P\/ i n d a r_k SeCtO r CP Portal transfer partl/'_ile asymmetry
> EDM suppressed L
. ark sector SM sector
> provides DM e A
(DM interaction) . - ISP H2 2 . (EW sphaleron)

STT-X-""H

2

first order phase transition

[6T, bueyz 'solin 'eusted) :abew]

+ Carena, Quiros, Zhang '18 '19: light Z" as messenger ~e.w. scale

+ Hall, Konstandin, McGehee, Murayama, Servant '19: Dark 1st order phase
transition, dark SU(2) with neutrino portal

* Azevedo, Ferreira, MUhlleitner, Patel, Santos '18; Okawa, Pospelov, Ritz '19;
Keus '19; ...

Signatures include
* Extrascalars
Extra vectors
DM

Neutrino AN .

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models
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SMEFT: dim-6 complex Yukawas

- for more general

* Consider dim-6 Yukawa with real and imaginary part (only I EFT term) ... by
1 K. Mimasu

Ly = Y FLFrH + — (X4 +iX])|H|*FL,FrH. + h.c.

AZ
FF Losada, Nir, Viernik '19 20 cf de Vries, Postma, van de Vies '18 where X}; =0,X = £iY;
. m(f6) 02 xf 0.3/ [£source] -
. . : 7! = =

* Ratio of dim-6/dim-4: "~ ,,® ~ 2A% Y7 °2
0.1 ]
sufficient baryon EFT Cut-off scales A// Xr 1 e \} \v
asymmetry within Minimal scales  maximally allowed T (collider, EDM) }-BG “.L-
LHC & EDM limits? T,b:1-3TeV;t:1TeV (LHC), 9 TeV (EDM) Ok :
T yeS p.: 10 — 12 TeV _0.2[ ]
t, b, L no Maximal scales  minimally required T (EWBG) . ]
/T T\1/2 N
DM (ho pp)<L7 Al A5 18 TeV (0.01/35) 06 -05 -04 -03 -02 -01 0.0 0.1

Tr
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Several complex Yukawas

EF, Losada, Nir, Viernik 19 20

Allowed by all
3 constraints!
0.002 N —— _
[, {sources] | Further test these scenarios:
| , * Higgs production & decay:
Bl ; ‘ 1 precise signal strength
measurements
= G000 * angular distributions,
especially h>TT
* additional EDMs
~0.001 .
I
e PR - W |
-0.6 -04 -0.2 0.0 0.2 0.4 0.6 . T+b Wlth nonzero TR’ TI:
u
YT (d, = 0,y = pr = 1) = 10.25Y,5>
Cancellations in EDM + enhancement of baryogenesis - EWBG possible with 0 CPV signals!
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o STANTS PRt

Neutral Naturalness

Twin Higgs
Folded SUSY
Hyperbolic Higgs

ClOCkWOrk Arkani—Hamed,C;;en, D' Agnolo, Hookliliss ” ey See Other BRSM ta[kS
—— Do Kim, Pinner ‘17 s : : .
\ > - - G e : at this conference!
Giudice, McCullough 16 D% i v e i .

"LHCP 05/28/2020
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Conclusions

=g

Relaxion

| *+ 25 model: Higgs~ Higgs decays * CPV h-¢ mixing

* Broken or unbroken Z, 22|+ Massrange: from collider to table-top precision probes

* Helps with e.w. phase transition + Dynamic solution to hierarchy of m,

Models and searches

* BSM possible despite SM-like data
* Some models solve several shortcomings

* Higgs precision, exotic Higgs decays, cosmology,...

| * e.g. cancellation, time variation, CPV in dark sector | » Combine different methods = hoping for discoveries

e e i e T 14 Dl == e SR AU = R Rmegas o & Sl EX QG ]
= SNl o R e vincy | =B =@ ~E
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THANK YOU

Invitation to further discussion on BSM models at the TeV scale:
Meeting ID: 962 5456 7705
Password: same as for this session

“.The Eighth
Annual Conference
on Large Hadron

-~ Collider Physics

LHCP, 05/28/2020 - Elina Fuch;_(Fermilab;%(UChicago) — Tév
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APPENDIX




Graham, Kaplan, Rajendran 15

Relaxion mechanism

g2 a1k T 2
A: cutoff scale V(H) =p (¢)H'H+ NH'H)
of Higgs loop V($) =rgAp + ...

112(¢) = —A? + gA¢ scans my, during inflation

1.9 2 Ay = ©? >0, no vev o
2. ¢ <A/g = p? <0, sign flip, EWSB

3. backreaction Vj,, = A%r COS (%)

4. N = |2 (P)],0° S = AV S ' .....

5. until ¢ stopped by sufficient barrier
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Relaxion width and lifetime

Narrow relaxion width
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Relaxion hunting at LHC+

*h->9¢ Prompt decays
- "untagged” final state
> Visible decay products

Frugiuele, EF, Schlaffer, Perez 18 + 1 ]
updates for European Strategy '19 B 10 15 20

Log;o[sin?6]
&

TDH1 pabbejune«y
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Benchmark for European Strategy Update

Ellisetal 19

Relaxion as
NP benchmark
with light new scalar
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Long-lived relaxions

EF, Perez, Savoray, Schlaffer, work in progress
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MeV-GeV: B, K decays

Flacke, Frugiuele, EF, Gupta, Perez '16; )
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Coupling modifier, BR

Br

N P! inv

Collider Vs [TeV] Lint [ah_l] BRnp [%] | BRiny [%] | 0k [%)] Ref.
LHC1 7.8 0.022 20 37 26 N
LHC3 13 0.3 12.3 17 s | [14 Tab. 10,11
HL-LHC 14 6 4.1 1.9 1.3

HE-LHC 27 15 2.6 (2.6) 0.8 [15] Tab. 24
LHeC 1.3 1 2.2 2.2 0.6

ILC250 0.25 2 1.8 0.26 0.3

ILC500 0.25,0.35,0.5 | 2+0.2+4 1.4 0.23 0.24 [15] Tab. 25
CEPC My, 2My,0.24 | 16+2.6+5.6 1.1 0.28 0.18 [15] Tab. 25
FCCee240 0.24 5 1.2 0.22 0.21

FCCee365 0.365 1.7 1.1 0.19 0.18 [15] Tab. 25
FCCee/eh/hh 100 30 1 0.024 0.24

TeraZ My Ny =102

CLIC stage 1 0.38 1 2.7 (0.92) 0.64 0.4 [15] Tab. 25
CLIC stage 2 1.5 2.5 2.4 (0.39) 0.65 0.2 ([16] Tab. 6¢)
CLIC stage 3 3 5 2.4 (0.26) 0.65 0.1

Table 1. Bounds in the £ — 2 scenario on the BRyp and uncertainty in the determination of the
most precise £ (namely k7 except for CLIC stage 2 and 3 and LHeC where sy is more precise)
at different benchmarks of the LHC and future lepton colliders with given energy and luminosity.
Assumptions on the polarization can be found in the original references. The LHC Run-3 bound at
approximately 95% CL was obtained by multiplying the 68% CL bound from Ref. [14] by the ratio
of the quantiles of a y? distribution with 2 parameters assuming that a true 2-parameter (BRyp
and one global x) fit will be dominated by the most precise &.

[14] Bechtle et al 1403.1582
[15] de Blas et al 1905.03764
[16] de Blas et al 1812.02093
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LHC results used for EFT of Yukawa

channel experiment |\/s/TeV|.Z/fh~! comment I Ref
ATLAS+CMS| 7+8 | 5420 1.115925 || [16]
R ATLAS 13 36.1 geF, VBF 1.097030 || [17]
- - " .
tr CMS 13 77 ooF bb, VBF, Vh  |0.75+0.17| [18]
ATLAS+CMS| 748413 all prod., priv. comb. [0.91+ 0.13]|[16-18]
— ATLAS y 139 bound ot 95% C.L| 1.7 [19]
— ot t L.
HoR CMS 35.9 | PPEH PORRG AL IO <29 [20]
VBF+VH 1.23 4+ 0.26
ATLAS 13 79.8 - oo || [15]
tth + th 0.79+0-50
_ VH (0-2¢, 2 b-tags—jets) |1.01 & 0.22
h — bb CMS T+8+13| 41.3 21]
all prod. 1.04 +£0.2
VH, priv. comb. 0.98 £ 0.15
ATLAS+CMS| 748413 | < 79.8 , (14, 21]
all prod., priv. comb. |1.024+0.14
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CPV ATLAS h~> TT: Prospects for HL

10||\||\||\|||\\\||\|\\\|||\||\|||||‘||\

A NLL

This note presents a study for the prospective measurement of the C# quantum number of the
Higgs boson coupling to 7 leptons with 3000 fb~! of proton—proton collisions at v/s = 14 TeV
using the ATLAS detector at the HL-LHC. Only H — 71 events where both 1 leptons decay
via the 7+ = p*v; — %7y, chain are analysed and the acoplanarity angle ¢op- the angle
between the planes spanned by the pion pairs, is used to determine the C#-mixing angle. It
is shown that considering only statistical uncertainties, a pseudoscalar Higgs boson can be 5
excluded at 95% confidence level. The C#-mixing angle can be measured with a statistical 4
precision ranging between +18° and +33°, depending on the precision of the 7° reconstruction 3

ATLAS Preliminary * Nominal n° reso - x1.2 n° reso

=

s:14TeV,J- Ldt=3000fb"
Simulation and Projections from Run 2 data al(—;d.s ¢ reso -)l(—xz ¢ reso

;
=°

L = g:7(cos(¢)TT + sin(p; ) Tiyst)/

ATLAS PHYS-PUB-2019-008

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) — TeV-scale BSM models 45



