~new Accelerators.
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Higgs Mass Measurements

WHVEES 1§

e SR EVER TG NI RS S AL

« ATLAS + CI\/IS /7" and yy fmal states

- AMSH
ATLAS Eil'l"J| CHS ---. ATLAS H::g—pu :

._L”"'ff‘_"_‘ﬂ 7wkl Crucial for
O] S (20ility Of
N Rl Electroweak

vacuum

Signal strength (1)
o
{..11

TR B

.....

T P T T T T P
0.5 e e Y365 126 1265 327

m.. [Ga\/l

* Run 1: 125.09 +£0.21 (stat) =0.11 (syst)
* CMS Run 2:{125.26 =4 0.20(stat.) + 0.08(sys.) GeV
« ATLAS Run 2:(124.98 +0.28 GeV

Na|ve combmatlon 125 13 O 14 Ge

PO < 0P R0 L IR T
\LA/J‘ n"iﬂ ) 49 v'b"(—‘;’ﬁ'g‘u o i%' (L"\‘;v A r ‘ 1




Theoretical Constraints on Higgs Mass

* Large M, — large self-coupling —

blow up at

~|* Vacuum could be stabilized by Supersymmetry

" Degrassi, Di Vita, Elias-Miro, Giudice, [sodori & Strumia, arXiv:1205.6497 z

-l .
- IR s v " A -
-y e oy Ay ¥ 4--

-
AQ) = A(v) 23 ?i PPV nstbility @ M-
. 10114208 GeV/ =

{* Small: renormalization ™\ "
due to t quark drives s \ ki
quartic coupling<0 ..

at some scale A P

— vacuum unstable v &G” a.\

A '-""»f,q' AR . , .’ - s .
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acuum Instability in the Standard Model |

Andreassen, Frost & Schwartz, arXiv:1707.08124

- 180 | | i | |
VH] R Too large decay rate (y>H$)
* -
=
[
_ 2 175
< : =
: ~10-1000 ~ Stable (A>0) Ee
. j‘[ 170 | | | | | e
122 123 124 125 126 127 128
V m, (GeV)

=
° I nStabl I Ity Scal ‘ol Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio & Strumia, arXiv:1307.353S‘.

logsg % —11.3+ 1.0( Gili’,;, _ 125.66) _ 1.2( éﬁf _ 173.10) 104 ﬂs(ﬂfg}naﬂg-ll&l

f * Na'lve combination of recent ATLAS/CMS data:

1m,=172.47%x0.35 GeV =» log,,(A/GeV) =
111.410.8
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Instability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

Do mflatlon fluctuatlons drive us over the hill?
20 N IS
o . 15;_ N mé_ e m%ﬂ -

.:E l.l];- Quantm flucations 4o > _ ?C \‘é‘;’ - HJ__FJ,—""H_.-J-

~ (]_55- ~HiZx A _ = {}b -

g ________/’ > ] E ’ C il

é (]_(].; CCCCCC ucia Tunnsling x _ ’Jﬁgﬁ__
—05F 1 -10f

1 15 f_.-ﬂ,m, A, _
1036406 08 10 12 14 S T E Y S S
b/ Aga

 Then Fokker-Planck evolution

* Do AdS regions eat us?
— Disaster if so
— Mitigate with more inflation?

j Stablllze vacuum Wlth Some phySICS beyond the .7




Elementary Higgs or Composite?

 Higgs field: « Fermion-antifermion
<0|H|0> # 0 | condensate

» Quantum loop problems =« Jjust like QCD, BCS

e

N - Heavy scalar resonance?

o o NS | superconductivity
_ ISSENREE - New ‘technicolour’ force?

o Cut-off A~1TeV with B - Pseudo-Nambu-Goldstone
boson? ~




Assuming H(125) is SM-like: Model-independent search for new physicé

Standard Model Effective Field Theory

|+ Constrain with precision EW, nggs data TGCs

 Higher-dimensional operators as relics of higher-
energy physics, e.g., dimension 6: . ZEO
‘ v

|+ Operators constrained by SU(2) X U(l) symmetry:
| £ 5 o eie]n,[6'6] +
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Electroweak Precision Data

Operators affecting oblique parameters

Ldim-€ C —CJI 7 + —{f)
iy miy ” i 111 miy
Also other electroweak tests
Constraints from LEP et al. data
N [TeV] A=vTIAUA A [TeV] A=vTEIM A
2.5 2.8 3.5 4.9 4.9 3.3 2.8 2.5 1.2 1.4 1.7 23 35 3.3 25
5 . Leptonic Gl -+ hadronic .
. ) observables ) observables -
N : i
“R .
O - i
r-:-f e c +ep .+
r'll.lil,"l L w
0,005 0.000 0.008 0.010 o4 0.03 001 000

Fits to individual dimension-6 operators

Global fit to dimension-6 operators




Global Fits to
LHC Data

A [TeV]  A=vTA
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00
JE, Sanz & Tevong You, arXiv:1410. 7703
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Assomated H production |
rates & kinematics :

LHC Triple-gauge

SVSlIIaI"S] Complementary! |

Global combination
Individual operators

| Preferred framework for analyzmg Run 2



ATLAS Higgs EFT Analysis

l
[ & B |

|
[ W b | ) [owsw |
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i ~[=om ] (=00t ] (=0t ]
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- (EW gl incl, VI —o g T
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Operator | Expression HEL coefficient | Vertices

vy
0, |HPPGA,GA G = ”;—:;ag Hgg

b)
0, |H|*B,, B A=K Hyy,HZZ
O, YulH[* @ Hug+ h.c. cu = v2¢, Hif

2

Ouw i(D*H)" 0% (DYH) W3, | cHW = ”fTw cuw | HWW,HZZ
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Sensitivities to Operators

 Rate relative to SM with different operators .

[~ | | | | [ | | I | | | -1

-==-¢G =0.00003
— cA = 0.0003
= cu=0.25

Ratio with respect to SM
o
1 11 III|

.1
B{H—yy) ooF qq—Hgg gg—Hgg gg—Hgg gq-— Hgg gg— Hogg Hiw Hihy Hil Hil iTH
B(H— 4l) F'IT <25GeV p= 25 Gev VH-like st pa200Gev  low p high p'" low p! high p?

« Higher sensitivity at higher p+




-2in{3.)

;
-

Ay? Distributions
for Higgs EFT
Coefficients

10*

(a) (b)

-2in{.)

SM (coefficient = 0)
always allowed at Ay?
<4 level (<2 o)

« Next steps:

— Combine with TGCs

— Combine with
precision EW

(e) (f



What lies beyond the Standard Model?

Supersymmetry

o New motivations
Stabilize electroweak Vacuum [Py

 Successful prediction for Higgs mass
— Should be <130 GeV In simple models

| » Successful predictions for couplings
— Should be within few % of SM values

» Naturalness, GUTs, string, ..., dark matter;'

\‘. big
..‘
C——




Inputs to Global Fits for New Physics

Electroweak
nservables

avour
nservables:
Interpretation
requires

2 =Hale
Dark Matter
LHC

observables

Obhservable

Constraint

2l) Nkehnood, MEWV

[65]/ [66]

2.04 + 0.44(stat.) = 0.05(syst.) ps
D988 = 043 gx e = UUBSTH s = UUDlry susy
e [z

D960 = L2TEExFr = DWUETEM

]
L Esm

34, 60] / [66]

1007V = 0L00dexe = 0,116z

1.000% = 0.0017exe = 0.0093 Ty

34, 70] / [71]

201 = 1.a0rxp — (1.18sm

[16]

Likelihood in the (mg, myy)

[16]

Likelihood in the (m;, mi'r':l’

t — %, ex), b

[16]

Likelihood in the (mg ,mq0), plane

% = v R et Wt

[18]

Likelihood in the (m_+,mgu) plane

W= e TR ZR

[18]

Likelihood in the {mig,mﬁp} plane

Heavy stable charged particles

[74]

Fast simulation based on [74, 75)

H/A—= 171"

[28,29, 76, T7]

Likelihood in the (M., tan 3) plane




Best-Fit Sparticle Spectrum | ™3

Phenomenological MSSM

Mass / GeV
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Accessible to LHC?
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Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



Squark & Gluino Mass Planes | ™5m€rs

Phenomenological MSSM

L Fitincluding g,-2 Pl

. Fit excluding gH—Z -

MasTEeRcace)

L W

0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
m; |GeV] m; |GeV]

‘Nose’ regions where LHC sensitivity reduced
because of compressed spectrum

Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



How Light can Squarks & Gluinos be? |masTens:

Phenomenological MSSM

LHC1E, w! [g— %), LHC13, wia g — 2}, LHC13, w! (g — 2}, LHCLE, wio (g — 2],
PMSSMI1  ___. pyes wiig-2), ---- LHCS wh(g—2), pMSSMI1 ___. LHCS, wi(g—2), =--- LHCS, wio(g—2),
: L ' ' — : ! ' ' _
E: r'LI'I MASTER o, i MBS TERcoo,
8 - [lu [ . 8 ] i
moa| o i
] [ i
|

4006 4000

Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



. )
Decay Pattern at “Nose’ Point | ™77
Phenomenological MSSM i

=4 MasTeRcace,
]_].DU i Production o [fb]
pp—+qq + X 619
dl pp = §i + X 586
' pp—gd + X 87
— Decays (mass [GeV]) BR [%]
% 1050 | §(1131) — g7z (984) / ¢4 (1003) 44 /56
9 Gr(1003) — qxi (939) / qx3(937) /qX3(938) | 58/38/4
— Gr(984) — qx3(938) / g%1(937) 96/4
2 g
< 1000( ) L 1
dr——
o gl : [
et q]
ﬂ-\-:q‘
950+ =y h
~+ qq, ¢v]
X1
LHC sensitivity reduced because of

compressed spectrum, multiple decay modes [FREEERIRSEITETN &R S VAR A TS LT



Sparticle Masses in the pMSSM | mesen=

4000 & production at e+e- colliders
TeR
T

3000}

2000 B R

Particle Masses [GeV]

1000 .

My, My MMy T TG TG e T, Ty gy T, My My, Mg, My, My, Mg Mg, T, Mg, Ty, T, my

- 68 & 95% CL ranges
- Best-fit values

- Accessible in pair production at ILC500, ILC1000, CLIC




Higgs properties in the pMSSM | masmene:

 LHOM,wi(y-, — LHOIS, wis (g 2),  LHCI%,wiy-2), — LHCIS, wis(g—2),
PMESMLL | rHes wi(p-1), —--. LHCS, wi(g— 1), PMSSMI1 ___ pHes wilg o),  ——-. LHCH wia(y—2),
gl masT ; ==. 8 !
6r 6
:'x:>< :'-:}<
T4t <y
- No issue with 2 , _ 2 ,
- ‘ _- I \
measured Higgs mass | =  5=% » » % s & 5

Mi[GeV] BR? E&m;sm

- Central values of decay
BRs similar to SM
- Substantial deviations

LHC1E, wi' (g — 2, LHC13, wio (g — 2], LHC1E, wi (59— 2, LHC13, win (g — 2,
pPMSSMIL . rHes wi(p—2), —--. LHCS, wi(g— 2, PMSSMI1 ___ rHeS wilg o 2),  —--. LHCB,wiiy—2),
T

possible H— ——
] i 8 e
i fi

r\:}(' f‘i}{
, ) Ty 4
Bagnaschi, Sakurai, JE et al,
arXiv:1710.11091 2r 2 |
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Direct Dark Matter Searches

=24 =’ A

. Compllatlon of present and future sensmvmes
10 p VLR adapted Irom arXiv:1310.8327 —
— 107404 \‘.‘% B \\ From talk by Baudis 2015+ "
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N S
WIMP-nucleon cross section [em*©)
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Direct Dark Matter Searches | ™

Phenomenological MSSM

Spin-independent scattering Spin-dependent scattering:
Cross-section Strongest limit from
close to PandaX upper limit? PICO experiment
. & — — —— pMSSMI1 w/o(g— 2}, best fit, 17, &7, 30 ok — = — pMEEM11 wio (g — 2], @ best fit, 1o, 2, 30
10 . 1
'“E E ==
10 10! :rni.l.[l’_;eV] 10 107 10
0 ¥i coann. slep coann. gluino coann. stop coann.
| A/H funnel . stau coann. squark coann, sbot coann.

Bagnaschi, Sakurai, JE et al, arXiv:1710.11091



Simplified Dark Matter Models

* Present sensitivities for different mediator bosons
R A
- 10 o9 0 (18 TEY) oy 30970 (13TeV) I
1022 S Preliminary 107% MS Preliminary
1073 ed, Dirac DM, g_=0.25,g, =1 10__2 d, Dirac DM, g_=0.25,g,, =1 -
10_2‘; ----- CMS exp. 90% GL :3_32 ----- CMS exp. 90% CL '
10_36 —— GMS obs. 90% CL 10 — S:\(’I%_O&S' 90% CL
107 — LUX : o 1073 —— Picasso
g 107 — CDMSLite 1075 lceCube bb
=10 Panda-X Il o: 10°% " geC”bﬁ :h
8109 CRESST-I a7 uper-
g 100 LHC g1
\ ____________________ % DM search ;
10742 1070 ey et £
v . g
o DM search v LHC ‘{ .
1074° 1074 T T T e 2 :
107 10744 ' -
| 10_471 - ...1|0 o ””1Ic|)2 - ....1.(;3 10_451 1|o I1I(|)2 1(|)3
| Mpy [GeV] Mpy [GeV]
| b
o Complementarlty between LHC and direct searches |




Simplified Dark Matter Models

Involve bosonic mediator particles of spin 0 or 1

The latter are gauge bosons of some U(1)” with
vector and/or axial-vector couplings

Consistency of theory requires cancellation of
anomalous triangle diagrams bt

Standard Model has A
quark-lepton cancellation

Should be re-examined In models with extra
fermions and/or gauge bosons

| JE, Fairbairn & Tunney, arXiv:1704.03850

anamaih o



| Anomaly Cancellation Conditions

1o Colour/U(1)’: (a) [SU(3)2]x[U(1)], which implies Tr[{7", T7}Y"] = 0,
* SU(2)W/U(1)’ (v) [SU()3]x[U(1)], which implies Tr[{T", T/}Y"] =0,

1o U(D)2U(1): () [U(1)2]x[U(LY], which implies Tr[Y2Y"] = 0,

o U(1)/U(1)’%: @) [U(1)y)x[U(1)"), which implies Tt[Y'¥"] =0,

1o L (1)’3: (¢)  [U(1)"], which implies Tr[Y"] =0,

; o GraVitY/ U(l), (f) Gauge-gravity, which implies Tr[Y"'] =0.
|+ Non-trivial set of constraints

T RN .7 L S
R 1T Falrbalrn&Tunney arXIV 1704.03850, 1705. 03447




Simplified Dark Matter Models

AR s EERERRRRES
ATLAS Preliminary [ Expected limit
\s=13TeV, 36.1 fb Expected 1o

e Mass of Z’ boson > about 3 TeV if
- produced by 15t generation quarks anc
decays to leptons

 Impact reduced if leptophobic

 Impact of direct DM searches
rec uced if % 121’“ DM Simplified Model Exclusions __ATLAS Preliminary March 2017
— DM particle has axial Z’ coupling ;-
— DM particle has axial nuclear coupling|” *:

— DM particle decouples from 1st/2nd
generation

* What anomaly-free U(1)’ models S o
compatible with these desiderata? o o

o 52'7/




Anomaly-Free Dark Matter Models
are not so Simple

» If asingle DM fermion and generation-
independent U(1)’ charges for SM particles:

— The SM leptons must have non-zero U(1)’ charges
— The DM particle has vector U(1)’ coupling
 If DM fermion has axial coupling:
| — Must have 2" ‘dark’ fermion
— 7’ still leptophilic
* Leptophobic models need DM particle + > 2
other dark particles with different U(1)’ charges

e Interestlng experimental signatures?

JE, Fairbairn & Tunney, arX1V 1704. 03850 %



Experimental Constraints on
Anomaly-Free Dark Matter Models |

Benrada for g=ii 1

5
Ly, oG]

{ — axial-DD E
veclor-0D0 £ 15',3

Dileplom

Demirain o = 1
T

LG (G

1 —— axial-DD

wiactor-00

Dilepton

Bl JE, Fairbairn & Tunney, arXiv:1704.03850



Dropping ideology

H- and Z-Portal Models
are not dead yet

L

N <
—— =

o e

S el
-
C—

Consider spin:6; -1/2, -1 DM coupled to
Standard Model via Higgs or Z boson
All available collider, DM search constraints

Bayesian & frequentist statistical analyses

JE, Fowlie, Marzola & Raidal, arXiv:1711.09912

.5




1

12

Higgs
coupled to

Spin-0 DM

Red = 1-, 2-
G regions

» Grey =relic
density

* On- and off-

shell cases
both allowed

Relic density
+ collider

(GeV)

log,, m,

{(a) Relic density and collider constraints.

Also direct
DM search
; 1

(GeV)

log,,m,

collider constraints.

(¢) Direct and indirect detection, relic density and

~ R
> .
-, LY a T2 N

logg 9

Also indirect
DM search

log,,m, (GeV)

(b) Indirect detection, relic density and collider

constraints.

1

= : Possible future
-3 .
- direct
4l DM search
pb 2 e

m, (GeV)

108y

(d) Possible LZ constraints on direct detection, indirect

(h?

—0.00

detection, relic density and collider constraints.

RN T RN NGRS TRAET AT .




coupled to
Spin-%

G regions

» Grey =relic
density

* On- and off-

shell cases
both allowed

JE Fowlle Marzola&
Raidal, arXiv:1711.09912

logy, m, (GeV)

(a) Dirac DM, scalar coupling

I\/Iajorana fermion
Scalar coupling

logy, m, 060\ )

{c) Mu_yomna DM, .scalar coupling

Dirac fermion
Pseudoscalar @

| Majorana fermion |
Pseudoscalar




| Z Boson
coupled to
Spin-2 DM

G regions

|+ Grey = relic
density

'» On- and off-

shell cases
both allowed

Jime DM
................. ——
................ A Vector couplmg
{
i R
1 2 3

logy,m, (GeV)

(a) Dirac DM, axial coupling

= BN Dirac fermion
AX|aI coupllng

log,,m, (GeV)

(b) Dimae DM, vector coupling

Majorana fermion
Axial coupling

TR EP S RIATIE IR GEISW TS AT AT .

(¢) Majorana DM, arial coupling

‘GeV)

,.,l“f”




~Summary of Results

Model Bayes factor min x? p-value j

Real scalar h-portal
Complex scalar h-portal

Real vector h-portal
Complex vector h-portal

Majorana h-portal
Dirac h-portal

Scalar Z-portJiige]gle])V
Vector Z-portEISeelIE

Majorana Z-portal
0]
Dirac Z-portal -

JE, Fowlie, Marzola & Raidal, arXiv:1711.09912

1 2.6 0.27
0.24 2.6 0.27
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Present & Future Constraints on D=6 Operators

Operators Constraints Constraints including |
Bosonic CP-even from rates klnematICS
2 -
L l6,(H'H e : S
~ On 20 [a#( )]2 &, (x1000) [ — G, (x1000) | T
Or L (a'Dam)
O _ A (H H)? €, (x100) | i',_..T ¢, (x100) | | ?_r
0, 9 HTH GG, ) i . .
ot “w Cw 1 -
0, 4 H'HB,,B,, - -
. Oy ;n%—(HT S’H)D Wi, G, g, . e
o o0, | % (HT‘E’H)a B,, ) . ) . S
Y t i Crw —— Criw . 2
 Ouw ;&(DHJDH)W
6 Oug 2 (D H'D H) B,. Cug —— | Chs | Y |
| Oy 4D, Wi, D, W}, - | - i
e Cus : Cus L e
Osp 2 0 Bwa pr 5
> "‘; O2G 1 DlquprGpv Eda - Eda "'
" Osw H;JE—‘J"’“WWWS,,W;; A B P A D P T
Y be . -0.1 0.05 0 0.05 0.1 -0.1-0.05 0 005 0.1
OBG ﬁ‘;f ’ G,qu?/pGp,u T

- Current 300/fb 3000/fb

Englert, Kogler, Schulz & Spannowsky, arXiv:1511.05170



Projected e*e- Colliders:
Luminosity vs Energy

eV): 2.8 x 10 cm?2s

s CERN cxisting LHC
Potantis underground siting ©

CLIC 500 Gav
#% CUC1ETaV
vee CLIC 3 TaV

—
o
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—
o
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CEPC-SPPC

LPrefiminary Conceptual Design Report |

Future Circular Colliders

The vision:
explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e) |



GEG&
! FCC-ee Higgs & TGC Measurements I

A/vE [Tev]
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= ., ( <10) g
= — =
-+ Cg ( XlDD) i -
. ....................
_. —0.010 —0.005 0.000 0.005 0.010
=

|» LHC constraints
e FCC-ee constraints: see A ~ 10 TeV?

e



-

(( E& )) JE & Tevong You, arXiv:1510.04561
‘ ~CC-ee Higgs & TGC Measurements
EWPTs and Higgs Il

| — With/without
theoretical EWPT __
uncertainties Should extend to include prospective

Individual Marginalised

/1 ILc250 B ILC250
| BN FCC-ee B FCC-ee [
"q [ | ey
2 =
= 60
— =
B =
- 40
20 |
0 , - : 'H, :
cw +¢Cg Cr r."-'J’"‘r Chp C. Cq =4
= LL o
— 1 = g‘;
| » Shadings: .

W FCC-hh measurements of TGCs, ...



Buchmueller, JE et al: arXiv:1505.04702

Precision Higgs

CMS5M and NUHM1 at FCC-ee

= —
.
X
- =

cmssm low mass
cmssm high mass
nubhml low mass
nuhml high mass

cmssm low mass
cmssm high mass
nuhml low mass
nuhml high mass

- UIIF[‘:‘II[-)J"[JEIIIIHIIL

(BR— BRSM):’BRSM( o)



B - " e . I uﬁc

- CLIC Sensitivities to Dimension-6 Operators
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CHB — Cun
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Global fit jf Individual operators gR@lgaliiilale RAAYTA
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CLIC Sensitivities to Dimension-6 Operators
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Qnggs Cross Sections

« Atthe LHC andbeyond:
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quark-Gluino Plane
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Summary

The discovery of the Higgs boson at the LHC

IS a big challenge for theoretical physics!

The LHC may yet discover physics beyond the

SMat~ 13 TeV
If 1t does, priority will be to study It
If 1t does not, natural to focus on the Higgs

In either case, a large circular collider offers

the best prospects for future discoveries

e

S



