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Searches for New Physics

Direct LHC searches
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Searches for New Physics

Direct LHC searches IG 0
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*Flavor: B-, K-, D-mesons

*muon magnetic moment
—> update 2027  [g-2 Fermilab]

* Dark Matter [XENONTT 20]

* Neutrinos [MiniBooNE '20]

Gellar cooling beyond neutriny
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Searches for New Physics

Direct LHC searches ||
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* Limits on particle masses and
couplings stronger
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BSM through the Higgs window

H|gg5 d|5covery 207

The Nobel Prize
in Physics 2013

Peter W. Higgs
Frangois Engle

f_\\ 9 years later: How well do we now this Higgs boson?

C L C 0L

s it an elementary scalar? Is it responsible for the masses?

It has spin O and is not a pure pseudoscalar

It has no substructure down to 10"°m

It gives mass to the W and Z

It gives mass to the 3" generation via the Yukawa interaction

There is some evidence (~2-30) for its coupling to the 2™ generation (|4,c).
ATLAS-CONF-2021-021
ATLAS-CONF-2019-028, CMS 2009.04363

Many open questions:

Does it couple to each of the lighter fermions?

How does it couple to itself?

|s it a pure scalar or does it have a CP structure?

What stabilizes its mass much below the Planck scale?
Are there additional light or heavy scalars?

Are the couplings flavor-diagonal?

PANIC, 05/09/2021
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Naturalness concepts
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Extra scalars/pseudoscalars

MSSM - NMSSM

2HDM » N2HDM
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e.g. recent Knapen, Thamm 21

see also talk by Andrea Thamm
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SM+Singlet: General vs Relaxion

V(®, H) = Vy + p2(¢)H H + Ay, (H H)”

4

General renormalizable scalar singlet
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Relaxion and Higgs potential

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

«

N\

slow-roll v=20
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Relaxion and Higgs potential

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

M 1/
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Voon = —V,,. > relaxion stops

r

mp, = mo>®

PANIC, 05/09/2021 Elina Fuchs (CERN|Hannover|PTB) — BSM Vision 15



3.) BSM opportunities at the energy frontier

Era of lots of data: 137fb" - 300fb" - 3000 fb ' -
Looking for the unexpected and scrutinizing the golden paths Very heavy
Indirect:
st & 2nd Integrating out

generation heavy NP

Rare decays J—— Heavy, direct:
Resonances near
EW/TeV scale

Light, direct:
Resonances below my



Observables of fundamental properties

CP violation
Electroweak phase transition
Examples of \ y Examples of
High-energy Vacuum stability Low-energy
collider ) ’ precision
opportunities b opportunities
Dark Matter/ Dark Sector
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Observables of fundamental properties

CP violation e Electric dipole
CPV Higgs J moments

distributions

Electroweak phase transition

c QM’SIP@W?@'}' IIIIIIIIIIIII 137 fb Iula‘TleV} ~ d
% PP + TP + 1P I—+—Data Bkg. ] Ve ™\
g - | Bkg. uncert. ] .
3 —o,=0 Vacuum stability
o 08— =)
@ - —— _¢ 90
z . y,
= Y] = T  — =]
2 ] e |3
E Lo —— ) (O = )
%) =
= 0.2_'—
3 b ol [ Dark Matter/ Dark Sector

- y,

0.2 = 1 o
0 50 00 50 200 250 300 350
L e (degrees)

PANIC, 05/09/2021 Elina Fuchs (CERN|Hannover|PTB) — BSM Vision 18



Observables of fundamental properties

SM Higgs potential ( : : )
i A CP violation
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Observables of fundamental properties

SM Higgs sote;mal ) CP violation
V(®) = p7[®[° + A|D| \ )
12 <0 s 2
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Observables of fundamental properties

p )
CP violation
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Observables of fundamental properties

CP violation
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CP structure of Higgs couplings

Bahl, Bechtle, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein (in preparation)

Lyuk = f cf +iv5€f) fh,
Z can also be analyzed in EFT

Cr, Cr) free 2 ¢, Cr) free 2
L5 (er, "g) 2X " CMS PAS HIG-20-06 15 —— (5 = ’f) e ____.xx -
- ] Efe//mmary h-> TT CPV analysis - 5 pré@//'m//fJary
: ' 15 A 15
0.5 F /'\> 0.5 -
5 0.0 F 10 S 0.0 F-g 10
—0.5 —0.5 |
: 5 : 5
-1.0¢ e N -1.0F
_ 5 5 0 ¢, ~ +1 almost | C : _ _ 0
—15 """" - degenerate minima B e o e o T
515 -10-05 00 05 10 15 > s 215 -1.0 05 00 05 1.0 15
! Of AX
G e s
Ring-structure from upper/lower bound on BR CMS analysis excludes large ¢,
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Complementary: LHC, EDM, EWBG

Bahl, Bechtle, EF, Heinemeyer, Katzy, Menen, Peters, Weiglein (in preparation)

Electron electric

dipole moment

deOCEf

[
Q

(CT, CT) ere @90% CL

1. c
. [ — LHC _ : 1-15
[ o Yy | /ore//mmary
1.0 ; el R 3 _10
0.5 F 58
[ Y1 5o
0.0 e __ ] 0 éi
: = \m
- Pl
—05 5} %:
: : : : : f E
i 5 10 &
~1.0F 7
tl\/lS T CP\/ analysws] | =
~1.5 Lews T I U P L
—1.5 —1 O —O 5 0.0 0.5 1.0 =

Cr

Brod, Haisch, Zupan 13

‘ De Vries, Postma, van de Vis 18
| EF, Losada, Nir, Viernik 19, '20, 20
. Aharony-Shapira 2106..05338
Brod et al (in preparation)

Electroweak
baryogenesis

YBO(5f

Caveat: "optimistic” scenario,

large uncertainty

(vev-insertion approximation)
— almost upper bound

Cline, Kainulainen 2001.00568 |
Cline, Laurent 2108.04249 |
Postma 2107.05971 |
Kainulainen 2108.08336 |
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Different coupling models

Bahl, Bechtle, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein (in preparation)

Floating several coupling modifiers simultaneously

" (¢t, Gt) free Ay ; (ct, G, Gp) free  Ay?
" I Bahl, Bechtle, Heinemeyer: Katzy, 20 [ : | E E 20
L Klingl, Peters, Saimpert, St;efamak, [
0.5 . 15 Lr 15
S 00 10 s of 10
—05 N .ove SR S 5 —1F 5
_ 1.0 BESea R Pl - [ S 0 DY EFEER SOE I PR B 0
0.4 0.6 0.8 1.0 1.2 04 06 08 10 12 14
Cy Cy
Top: ellipse (ggF) cut | t+b: small ey can be
offby b — vy - compensated by ¢,

0 (c{/y,?f)ffee | Ax?

20
o 0.0+ 10
o I SO G ] = 0
—-1.5-10-05 00 05 10 1.5
Crp

- General mixing scenario
- No CPVincluded in
- vector couplings
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BSM wishlist for Di—Higgs

Hadron collider _ Lepton collider wr
— > — h ‘
F W 'e wl _-h
b i ‘\‘\\ w Sk
- > —h ; ) Ve €

from de Blas et al, Granada 1905.03764

* Electroweak phase transition > EW baryogenesis
» Strong first order phase transition requires significant enhancement of triple Higgs coupling A

> > O(zoo/o—’IOOO/o) depel’]ding on model e.q.Grojean, Servant, Wells '04; Noble, Perelstein '07
*New heavy resonances

*New particles in triangle/ box (but compete with single Higgs)
*pp~> hh smallin SM - challenging —= BSM enhancement may have large effect
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Di-Higgs status and prospects

= 105 ————

= F imi —— Observed limit (95% CL) 1

£ | gL:A%T:VIIrng ?éq --—- Expected limit (95% CL) ] Prospects

L BB ’ [0 Expected limit +1c 1

L 1045“ i [ Expected limit +26 E < <

2 | B Theory prediction 0.5 < kx < 1.5 HL-LHC [LHCHXSWG 1910.00012]
uc'n s’ SM prediction 1 )

> -~ Start testing the EW phase

—y
o
w

/ transitions

----------- . 5% accuracy FCC [CDR "19]

~

Observed: k; € [—1‘5,6‘7]]
- Expected: k) € [-2.4,7.7]

Distinguish models?

Significant improvement
compared to limit at 36 fb"
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BSM with 15t & 2" generation

\ Bounds on light fermion Yukawas still loose > room for New Physics |

UV Model: 2HDM with Aligned and Spontaneous Flavor Violation  E£gana-Ugrinovic, Homiller, Meade ‘18 “19 121
Flavor alignment: 2" doublet Yukawa matrices simultaneously diagonalible with first doublet

- Additional heavy scalars can have large couplings to 15t & 2" generation

- via mixing with hqs: also its Yukawas enhanced, up to ~500 for d, 30 for s

M /e
08 f I| | 0.38 .:‘J_I.E'. 3'L|IR~\:{T_FI|["['—;; T . . . .
St | l--!i _ NIV Di-Higgs, triple Higgs, Zh enhanced
D-Mixng Col 'I'.-'_"a-'.u d I". s | D-Mixing Cor 'I,u.-j_-' 5 j { II'. .
0.2 f |1 "l pr— g2 _.,'r ﬂi' ~ ]Cor h125- {)\hdj < 30)%2%]
—2000 /NG| ‘ | //2 w0/ 2|1 \uoo
Kd : v;"f \\ { | // \ i fog g f,-’I .'I | l i \"\ i
‘I.\||,’-, N (AR
0.1 [ | 0 RS S <
= /0 Eey [ \ O
s [ A r X J." '-,_‘ ....-\\ . . .
)\~ LAY o | This stringent bound only obtained
00500 oz oo o2 o4 ®020% oz o0 0z o4 for cos(f — a) = 0.025
cos(ff — «) cos(f — a)
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Room for BSM in Higgs Decays

Detailed overview: Curtin, Essig, Gori,

+ Higgs width narrow in SM: I,=4.1 MeV, I'\/My~O(10) , , |
Jaiswal, Katz, T. Liu, Zh. Liu, McKeen,
- Loop—suppressed: e.qg. H-> A2 Zy Shelton, Strassler, Surujon, Tweedie,
Zhon 13

* Phase-space suppressed: H> WW*, ZZ*
> Coupling-suppressed: even dominant channel BR(H->bb)a58% has small y,~102
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Room for BSM in Higgs Decays

Detailed overview: Curtin, Essig, Gori,

+ Higgs width narrow in SM: I,=4.1 MeV, I'\/My~O(10) , , |
Jaiswal, Katz, T. Liu, Zh. Liu, McKeen,
- Loop—suppressed: e.qg. H-> A2 Zy Shelton, Strassler, Surujon, Tweedie,
Zhon 13

* Phase-space suppressed: H> WW*, ZZ*
> Coupling-suppressed: even dominant channel BR(H->bb)a58% has small y,~102

. loxotic' 79 BSM decay modes can change I, significantly
* H-> BSM particles: visible/ invisible

* Long-lived decay products
* H-> SM decays which are suppressed/forbidden in the SM:

* Flavor changing: H~> f1f; (e.g. UT)

* Rare decays e.g. to light fermions ([, ss, cc)

PANIC, 05/09/2021 Elina Fuchs (CERN|Hannover|PTB) — BSM Vision 30



Lifetime Opportunities

See e.g. Searching for long-lived particles beyond the
Standard Model at the Large Hadron Collider 119

Long-lived particles (LLPs) are common in BSM:
Small coupling to SM particles
* suppressed by mixing
* Forbidden by (approximate) symmetry ——— R-parity
Small phase space for decay

e.g.
> Higgs portal,

» Compressed

gauge portal to Dark Sector

spectra, stealth/split SUSY

Precision Timing Enhanced Search Limit (HL-LHC)

o I P 4 L i

Timing layer ; / 107 4 !

! 102\ BR |

] X 107 | e XX

L o 1 ‘g I \\ — MS(30ps), At>0.4ns |
T & 107 R - L iy 4 e MS(200ps), Ats1ns |
f o 55 — — MTD(30ps), At=1ns |

) X . L A MS2DV, noBKG

B gM ! BSM X arrives later . e | | L e s ST

Tl mind 1078} = 4

thaﬂ SM ?f myin[Gev] Wl 10 W 0 | s |

107! -
107 102 107" 10° 10' 10® 10° 10* 10° 10° 107 10°

cr (m)

J. Liu, Zh. Liu, L.T. Wang 19
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Lifetime, exotic Higgs decay &light scalar

Ahe = 5\h¢ +sinfay/v

EF, Matsedonskyi, Schlaffer, Savoray 20

Relaxion space

¢*h? confined to
this curve
0.010
E T
i A
i HL-LHC unt w~
° HL-LHC inv. T
= FCCee BSM | \ ( - 8"' , Fcc&_m,N"
it ! £
0.001 (FCCeelinv.___________________ L\.--«%o < 5"}' ! d'p&‘ 5 /8
\\\ \\‘ @ S ": ! %@ &
_F_C_Chh inv i
fCCee DV N N E
ot I
i L
—15 —10 _5

Logs[Sin*[6]]
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Lifetime, exotic Higgs decay &light scalar

EF, Matsedonskyi, Schlaffer, Savoray 20

o~ . A
>\hq5 — )\hqb + sin 6 a¢/v | 7 Relaxion space
21,2 e confined to
@ .;-” this curve
0.010 - 5
HL-LHC unt’ ke j
< A
< FCCee BSM FCCe¢ sint |d} ‘
b AN ",' ™~ Q
O-OOI;E_CQe_e_U]y ____________________ N N5%, "1""‘& E 2 E
I S e SOy L @" @ o
[ i \\ % ’ £ é « ]
\\ \-“?e' // / = < :
j ECChh inv _ o
N3
1074 o & 5 gl
T T B
Probe natural parameters? Log0[Sin[6]]
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Heavy New Physics in SMEFT dim. 6

Ellis, Madigan, Mimasu, Sanz, You ‘21

SMEFT: Standard Model Effective Field Theory
> (Constrain operators in global fit, then interpret in models

0.05
W 5U(3F: EWPO+ Diboson+Higgs o Tevi |
‘ == 0.04 | m SU(2F x SU(3)*: EWPO +Diboson + Higgs +top | 95%CL individual: C, 1
Cw 0.03 M Top operators: EWPO +top (Incl. tfH) /
/(_” 0.02
Cug
c O €5 OF] h | 1
HW 0.00 + A @ \ t
Cuc e 4 | -'+ \
C EWPO 0.01 :
i 1
-0.02
G '
oI [( -0.03
G -0.04 |
s !
H|ggs
-0.05
@ a FEzns mone B X 3 2 @ B O T T X ZROS £ D 2 @g9:%9:,3 8 el alal
EJ‘U CUOU ’:L}G‘&?‘Jdd‘ffuu“df%?i?ru uy'@@'ﬁuagfyil
Torg S [ R T T
aR2% RS = 2R23”258852323373
—

Combine data sets .
SMEFT: testing the TeV scale

1.0

0.8

0.2

0.0

SUSY stop squark

Tang=1

PANIC, 05/09/2021 Elina Fuchs (CERN|Hannover|PTB) — BSM Vision

34




What are we missing?

Model-driven —=> signature-driven searches
Overcome/ reduce theory bias —= general anomaly detection (less model-dependent)

CATHODE h . I, CATHODE method
.ennance S|g Nnat resonance Hallin, Isaacson, Kasieczka, Krause, Nachman,
: cLt : . Quadfasel, Schlaffer, Shih, Sommerhalder 2109.00546
Train conditional density estimators
. ; Signal Region
- I el i T @ 20.0
L i —— Supervised
AR i w1715 —— Idealized AD
i " —— CATHODE
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'BSM vision/hopes at the energy frontier

*A 20 anomaly of today @137 fb' — discovery @HL-LHC
*New, unexpected signal at the LHC

* Future collider approved & built

*|ndirect hint at deviation from SM
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Complementarity with other frontiers

Very heavy
Indirect:

Integrating out

T &2 Long-lived

generation particles (LLPs) heavy;NP

Heavy, direct:
Higgs > BSM Resonances near

(invisible/untagged) EW/TeV scale

astroparticle

Rare decays

Gravitational
waves

low-energy

. Beam dumps
orecision
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Summary

Exciting times with lots of data, ideas, and opportunities

—> Di-Higgs: important information on self-coupling

THANK
YOU!
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Relaxion and Higgs potential

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

«

N\

slow-roll v=20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran 1t

Relaxion V(9) Higgs V(H)

AN

slow-roll v=20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran "1t

Relaxion V(9) Higgs V(H)

©

slow-roll v=20
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Relaxion and Higgs potential

Graham, Kaplan, Rajendran "1t

Relaxion V(9) Higgs V(H)

p(¢) = —A% + gAp < 0 o

Vir = A, cos (?) \\ \\/

Backreaction barrier-> wiggles grow U 7é 0
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Relaxion and Higgs potential

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

M 1/

B@Ckreactton:when | " :,,é 0
Voon = —V,,. > relaxion stops

r

mp, = mo>®
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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]

Colhder - Energy

Banerjee, Budker, Eby, Kim, =3 |
Perez 19
Beam dump, flavou

| - Intensity

Flacke, Frugiuele, EF, Gupta ) -10
Perez "16
Banerjee, Kim, Matsedonskyi, Equivalence principle
Perez, Safronova 20

Logm[sm

Eot-Wash Be-Ti

S~ 45 -10 -5 0 5 10

Precision Log;o[my/eV]
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Benchmark for European Strategy Update
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MeV-GeV: B, K decays

Flacke, Frugiuele, EF, Gupta, Perez '16}10_2
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