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20 talks in Higgs/EW & joint Higgs-BSM sessions

Caterina VERNIERI, Pilar CASADO

Masakazu KURATA, Tomohisa OGAWA, Timothy
BARKLOW, Aliakbar EBRAHIMI, Jacqueline YAN,
Michele FAUCCI GIANNELLI, Graham WILSON

Rosa SIMONIELLO, Ivanka BOZOVIC-JELISAVCIC,
Marco SZALAY, Philipp ROLOFF

7 Theory:

Kazuhiro ENDO, Mitsuru KAKIZAKI, Sven
HEINEMEYER (2), Shinya KANEMURA, Cheng-Wei
CHIANG, Mariko KIKUCHI

“joint Higgs-Top session will be summarised by F.Simon
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pp—>HH search and Annn @ LHC C. Vernic

Non-resonant search are far from SM sensitivity (>50x SM)
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T + Very prelminary studies are being performed for the
experiment upgraces at HL-LHC

+ Cross section for SM hh production is 40.7 1o at 14 TeV
+ Sensitivity to non resonant SM hn production can reach
~1.50 per experiment in the boyy channe
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e+e-—>ZHH and Avnn @ ILC M. Kurata

: o main update: kinematic fitting with
EMHHH/ AHH H ISR treatment, neutrino recover in b-

e jet, asymmetric JER in b-jet

H20 o HH-—>bbbb: ~20% improvement
o HH—>bbWW™: 6-15% improvement

T T T T T T T T T T T 1T Higgs Coupling Analysis
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e+e-—>vwWHH and Avnn @ CLIC R. Simoniello
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Re-analysis of the double Higgs production has started
Divide analysis in sub-channels:

HHvv->bbbbvv

HHvv->bbWWwvv->bbgqqqvv

ongoing

- =4 kt jets

- -5kt jets

—— 4 vic jets

- —~5vlc jets

. incl antikt jets

. ——incl siscone jets
|

HHvv—->bbbbvv @ 3 TeV

L[ab?] #sigexp #bkgexp BDTGcut S/V(S+B) #sig # bkg
2 353 | 2737527 | 09541 | 7.06 | 108 @ 127

HHvv—=bbWWvv @ 1.4 TeV
Lab?] #sigexp #bkgexp BDTcut S/V(S+B) #sig #bke
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Avnn @ Circular Collider T. Barklow
CEPC Higgs Self Coupling Measurement at Ecm=240 GeV

€

M. McCullough, arXiv:1312.3322 = 100 (267 + 0.0146y,) 7%

2
cr

Neutral fermionic partners
e.q. Twin Higgs

Examples of
BSM physics
g,,, fixed to SM value (6, =0) with 6, #0 :
g, fixed to SM value

(Not-so) Hidden New Physics Results: Inert Doublet

Neutral scalar partners
Canonically normalize kinetic term=+shift all Higgs couplings

Shift drops out of all coupling or— measurements, in this very challenging " ”,;7»"" - T -
ratios. I ﬂ‘ scenario an e*e collider offers the possibility z — ] 2 _ -
240 \\ \er of discovering the indirect effects of hidden e =g 5 ° ===
5 O 005 1 - ogmman . particles. - ™ — ! ~
3 5 f— o f— f— 3 6% H .‘ o A ~ + Cross section at CEPC modified by: . N [ J N )
pum— — L % e T ¥
. .

comment by M.Peskin: 8z can come from anything!




AHHH IN scale-invariant model for EWSB

* s there possibility that ONLY Z = ZLsmlyy 0t 5
self couplings deviate
(substantially) from SM il ( vaet
predictions? e
« which gives an interesting
shape of potential?

. é)ne candidate:

: as a phenomenological model

near EW.
-§-> EWSB via Coleman-Weinberg (CW) mechanism

: [S. R. Coleman, E. J. Weinberg, PRD 7

(1973)1888]
- Effective potential is like ¢*log(¢)
: - irregular at the origin (e.g. QCD, BCS theory)
- realise correct VEV and mass of the Higgs,
- large deviations in self-couplings?
. We dealt with singlet-extension.




leptonic recoil mass analysis @ |ILC

: [250 Gev: | -
200 ? €

Entries /0.5 GeV
w
8
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J. Yan
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Recoil Mass [GeV]

150

ECM=250GeV Xsec_err Mass_err [MeV]
(2 ab-1) left 1.13% 15
right 2.18% 30
combined 1.00% 13
ECM=350GeV XSec mass
(0.2 ab-1) left 5.23% 151
right 10.15% 299
combined 4.65% 135
ECM=500GeV Xsec mass
(4 ab-1) left 2.92% 275
right 3.12% 316
combined 2.13% 207
All channels Xsec mass
(full H20 run) 0.89% 13
H— XX bb ce gg TT WW+* 2z ¥y
Lepton Finder 93.70% | 93.69% | 93.4% | 93.99% | 94.01% | 93.74% | 93.74%
Lepton ID+PreCuts | 92.16% | 92.11% | 91.8% | 92.36% | 92.33% | 92.21% | 92.01%
M, €[73, 120] GeV | 90.14% | 90.27% | 89.89% | 90.38% | 90.27% | 90.38% | 90.16%
P g €[10, 70] GeV 89.94% | 90.08% | 89.68% | 90.18% | 90.04% | 90.16% | 89.99%
P sum< 6 GeV 89.92% | 90.06% | 89.67% | 90.03% | 90.01% | 90.13% | 89.34%
|cosOmiss| < 0.98 89.92% | 90.06% | 89.67% | 90.02% | 90.01% | 90.12% | 89.32%
lcosf4;|< 0.90 83.24% | 83.12% | 82.89% | 83.29% | 83.35% | 83.53% | 82.76%
TMVA 79.48% | 79.20% | 78.93% | 79.36% | 79.36% | 79.49% | 78.87%
M. €[110, 155] GeV | 78.94% | 78.67% | 78.40% | 78.82% | 78.84% | 79.02% 78.30%:
Ecm 250 GeV 350 GeV 500 GeV ]
IIH ptu X |ete X | pfp X |efe X | ptp X |efe X |
syst. error 0.13% 0.43% 0.13% 0.34% 0.16% 0.13% ]

proofed to be model independent, ~0.1% for Zuu, ~0.4% for Zee



direct mass measurement using H—>bb @ |ILC

previous TESLA study

Decay Mode
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hRecZMassNoFitAll

Entries 685200
Mean 158.1
RMS 85.03

hRecZMassBest

Entries 113967
Mean 91.19
RMS 0.08958
hRecHMassBest
Entries 113967
Mean 180.4
RMS 85.98

E
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02

A. Ebrahimi

Redo the analysis of ZH — qgq'q’ using modern simulation for
two center-of-mass energies:

5= 0GeV
/5= 500GeV

Try to assess systematics of the measurement

impact of overlay

hTestZMassNoFitAll
T T T T| Entries 685200

—— With Overlay Mean 1113
RMS 24.02

. hTestZMassNoFtAll
—— Without Overlay | [Entries 885200

| Mean 109.8
RMS 24.04

I\" ),/‘ll Zjo m

oy

3000

1

P T i
2000 ity

70 80 90 100 110 120 130 140 150 160

Invarian Mass [GeV]

investigating determination of JER; ongoing



H—>bb/cc/gg @ CLIC
M. Szalay

350 GeV: fit ZH and vvH, H—>bb/ ¢c
gg simultaneously

'Hqq: H->gg

Hvv fit Hqq fit
Abb (VBF) 2.2%
Abb (ZH) 2.0% Abb (ZH) 0.99%
12.5% Acc 20.4%

Agg 47% AgQ 6.0%

P. Roroff 3 TaV

—bb) = 0.43% A(o x BR(H—bb) = 0.34%
—CC) = 6.1% A(o x BR(H—cc) = 6.9%
—gg) = 5.0% A(o x BR(H—gg) = 4.3%

using single BDT can slightly improve H—>bb




H—>WW*& H—>77* @ CLIC 1.BOZOVIC-JELISAVCIC

(HZ@350GeV) H —>WW . W —> qg,q, (Hv v. @1.4TeV) H —>ZZ" |, Z —>qgg~ Z —> 1

S~ H W

- 500 fb1 \&(/— - 1.5 ab1

e Signature: 4—jet+21 or 6— = Signature: E, ;. . plus(4—jet
Jet or 2—Jet+21)

- BR(HHS>WW* —>4 jets)=10% ° :E(Eﬁgzz *;_Jitslz;i4%o as

- Z-—3>11 ~700 events (~1%) (H— —>2jets ) =~O .

— e ~ 5200 4—jJet events
* Z—>gg ~5000 events (~7%) - ~ 1500 (2—jet + 21) events
- 4jets+2]1 events: B/S=<103 - 4—-jet events: B/S>104
= 6—-—jet events: B/S=10°7° = (2—Jet+21l) events: B/S=10°5

29% Signal efficiency 42% 55% 20% Signal efficiency 28%
1328 No. signal events 95 125 1031 No. signal events 425
A(cxBR) _S+B A(cxBR) _~/S+B

5. 9% oxBR) S 16.1% 13.1% 17.7% e 5.6%




anomalous HVV coupling @ ILC

Relevant term is (arXiv:1011.5805)
1 a

Cry =228 (4
SM (CP-even)

)HVM+V‘“+QHV;;V‘“”+

A

Tensor Couplings

~

vpoYy;/+ 1/ —
KHEN p V/LV‘/pU

Tensor Couplings

Correction [a] CP-even [b CP-odd [bt
Assuming H20 “LR” scenario, 0
L LR R B B T
: 0.2 | S—— 8 S— g — - x
arXiv:1510.05739 L B R S O

>.250GeV - 1350 fb-1
(2[ab-1]*67.5 [%(LR)])

~ 00 1.2%

>.500GeV - 1600 fb-1
(4 [ab-1]* 40.0 [%(LR)] )
~002.6%

0

1 sigma sensitivity

b ~0.007(10)
bt~ 0.012(10)

0.

0.1

i = 30(99.7%CL)
» 16

v 1w
B
10

021

\ }
/MZMH HZZ
- Lwupleelyg ¢

Lab frame / Z* rest-frame

¢

+

HIL /

————— z-Axis
T T T T
,e?a 015 ® angle i-f/f-fbar in Z* rest-frame _
=0.
B
o)
e}
=
0.01
0.005 e bt=-1
: ——bt=0
i ---- bt =+1
O i 1 | 1 1 1 | 1 1 |
0 2 4 6
(I)ff
0~ 2x

b-tilde ~ O(0.01) —> very sensitive test to CP odd mixture
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ross-Section (pb)

WW

o

mw measurement from threshold scan using
polarised beams @ ILC

GENTLE 2.0
- with ILC 161 |
; beamstrah[ung*

- Each set of curves
-has my, = 80.29,

With [P} = 90% for e

Need 10 ppm error
on \'s to target 2
MeV on mW

-and |P| = 60% for e*.

Example 6
points in Vs.
78% (-+),

17% (+-)
2.5%(-),
2 5%(++)

— I |

160 1625 165 1675 170
Center-of-mass Energy (GeV)

G. Wilson

Summary |

Threshold scan can yield a precision measurement of my, at a linear
collider with polarized electron AND positron beams.

—Frrors at the few MeV level can be envisaged.

— With 100fb-!, find 2.4 (stat.) @ 3.1 (syst.) @ 0.8 (\s) @ theory (MeV)
ILC design can and should €voive to make this feasible (proof of
concept is in the TESLA TDR).

— Supported machine parameters would be helpful.

— Better awareness of these issues by LCC management ...
Regressing to no positron polarization should be avoided!

— Controlling the background is very challenging without it.

* I am not confident that a useful my, measurement can be made at threshold
with no positron polarization. Limited by absolute polarization
measurement — 0.5% systematic.

* I am certain that a competitive my;, measurement at threshold is very
challenging with no beam polarization at all

Take-Home Messages

e ILC has very good prospects for measuring my,; with very high precision

— Not much work yet on measurements at standard ILC Vs values (\'s > 250
GeV). Needs more effort.

— Measurement at threshold expected to be very robust with polarized electrons
and polarized positrons (experimentally and theoretically).

« Precision my, needs precision V.
-~ sp method very promising
— Need precise momentum scale.
» J/psi method using Z’s needs 40M Z’s.....
— Error on my, from Vs knowledge of 0.8 MeV can be targeted.
ILC accelerator

— Need to preserve the option to run with high L and highly polarized electrons
AND POSITRONS at WW threshold. No experimental show-stoppers.

e This is a great advantage of ILC over other accelerator concepts.

— We should DEMAND capability for high luminosity for calibration at the Z.

— We should DEMAND capability for reasonable luminosity at the Z with
polarized beams for physics.




ci:omplementarity between ILC, CEPC & FCC-ee

G20 | CEPC

ILC+CEPC  H20

T. Barklow

C FCC-ee | ILCHFCC-ee

0.26%
1.22%
1.30%
1.44%
1.53%

0.22%
0.38% *
0.68%
0.88%
0.97%

A 177

ILC +CEPC Summary

3 ILC helps CEPC:
> Ag measurement and top mass
> Precise gy measurement reduces errors on all Higgs couplings
> Top Yukawa coupling

Ag iz,
AZ yww
AL 1
ALy,
Ag Hgg

0.31% 0.19%
0.38% 0.35%
0.60% 0.52%
0.89% 0.63%
0.92% 0.85%

0.16%
0.22%
0.38%
0.49%
0.61%

ILC + FCC-ee Summary

3 ILC helps FCC-ee:

The 0.25% measurement of s(vwvh)XBR(H->bb) reduces errors on all Higgs couplings

> The 2.4% Top Yukawa coupling measurement from ttH production improves upon

the 13% measurement from the tt threshold scan.

> |ILC o(ZHH) measurement provides a 27% tree-level determination of the Higgs self-

> |ILC o(ZHH) measurement (and others | assume) help interpret precision CEPC o(ZH) meas.

- New particle searches at 500 GeV

» CEPC helps ILC:

o Many EW precision measurements: My, I';, ag, Nv, MW, ...
> Precise g,z measurement reduces errors on all Higgs couplings

> Much better meas. of Higgs invisible width, BSM decays, rare decays such as yy and up
> In general, CEPC gives ILC more flexibility to concentrate on higher E_,, running.

» CEPC+ILC combination helps the particle physics community:

> Higgs Z coupling error Ag,; = 0.2%

> Higgs W coupling error Agyw = 0.3%

> Higgs b coupling error Ag,,, = 0.5%

- Higgs self coupling error Ag,,, = 22%

coupling, and could help clarify a Higgs self-coupling interpretation of the precision
FCC-ee o(ZH) measurement.

3 FCC -ee helps ILC:

Precision measurement of g,
0.25% measurement of c(vvh)XBR(H—)bb) into Agyw = 0.22%

; and various oXBR at 240 GeV help turn the ILC

> Much better meas. of Higgs invisible width, BSM decays, rare decays such as yy and

uun  Note: Z BR, =1 can be used to improve all coupling errors if ABR(H - BSM) < 1%

> Unique access to Higgs coupling to 1st generation fermions.

» FCC-ee+ILC combination helps the particle physics community:
> Higgs Z coupling error Ag,;; = 0.16%
> Higgs W coupling error Agyw = 0.22%
> Higgs b coupling error Ag,,, = 0.38%
> Higgs self coupling error Agyyy = 20%




Discrimination of extended Higgs sectors by
preC|S|on measurement of the Higgs boson couplings
M. Kikuchi - 1 Ioop level 31 . ,

Type Y /1. s
----- e 0 b 4

S| ' swm -
O . |
L @ S /.4 2 e
hvVv é T { rg { < ol arfst g
-10- 2 _
LHC3000 | %7 ) 4 _
// // // // ILC500 —20 — 1 Type I —
hhh ___Q . (/’ + ___ N ____®/ i / Type X 1 e il
\\ \\\ \\ \\\ _20 L | L | ] l L | 1’] 1
\ \ \ \ —30 —20 -l lO 20 20
: AK_ [%] 10
Ex.>> Ak, VS Ak, in HSM 2HDM(Type I) IDM
| Tree Ievel | 1 loop level
20— — 20 et TS TV Y et
>HDM(tanB=1.5 i (tanp=1.5)
tanB=2 tanp=2
IO_— —
tanB=3 .
O tanB=5 '§' Otanp =>5 —
tanB=10 O _ \ \v(\ode,
<1 -10¢= net QoV'© -
-20 _20 __HSM LHC3000
-15 3915 -10 -5 |ILC500 ©O

A, [%] 15
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Indirect discovery reach of the additional MSSM Higgs M. Kakizaki
basons by precision measurements at future lepton colliders

e [ here are two new mass scales in the MISSM: msusy .74

e INn the Iimit of large x4 ~ M3 ~ A; ~ msusy with m 4 fixed

. i ~ b
Gral == gty =1 a [1 — Ap(1 + cot e cot 3)] b 7
\/§777, w COs /[ -~
HY) — — < g
2cx s L 4;‘[3 Atz [_LAt p - ~
Ay == 3 = —+ 1672 7722 tan 3 —
T TN3ysy T TMgysy b br

- SUSY loop corrections do not decouple for small .4
and are enhanced for large +tan 3 ,

(in sharp contrast to the type-Ill two-Higgs-doublet model)

e ILC 500 LumiUp: e ILC 1000 LumiUp:
ILC: Vs = 500 GeV, L = 1600 fb™’ ILC: Vs =1 TeV, L = 2500 fb™’
(o] 0 N D — o o : i I — e
:‘...; - > e ; b S s .o ]
S0 ALY - 3 Py - ;
1_0 i . o’ _ ®e —
QO §
C 30 y
T .
+ 20§ 3
: . ILC 50 ILC 50

ILC 50 (tree)
LHC Run1 95% CL

ILC 50 (tree) 3
LHC Run1 95% CL 5

. L[ remerenee _LHC Run2 10fb! 95% CL ] > ot Bl LHC Run2 10fb' 95% CL |
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m, [GeV] mp [GeV]

[ : 16|



Unitarity bounds in general 2HDM

S. Kanemura
How we constrain extended Higgs
sectors ?

Perturbative Unitarity

Vacuum stability, ...

Lee, Quigg, Thacker (1977)
Experimental bounds

W, Elastic Scattering € = 7,0.0.E)

LEP/SLC indirect searches

LHC direct/indirect searches
b—>sy/g-2/EDM/ ...

I—

AW = AE*BE4C [F3o9)

L T T T T TT1T1T] T T 11711
_ 1200
ﬁ;_ ! Unitarity only I |

tanp =1 1000

T T B
0'90500

N I O N N
1000 1500 2000 2500 3000 3500 4000

| I I
m, [GeV] o

tanf3
e.g. for Kv=0.99, if no second Higgs is found below 700 GeV,the 2HDM is excluded

Spige)s wnnoe A




Phenomenology of Higgs boson in the C.W. Chiang
Georgi-Machacek model

C,EORQ(—MAQH—AC,EK, MoOoDEL * Normalize all couplings to those for SM Higgs boson
Georgj, Machacek 1985 (V=W,Z; F = quarks):

Chanowitz, Golden 1985 JoF F GoVV
- The Higgs sector includes SM doublet field ¢ (2,1/2) and kP = “a3r » BV = —ep |
gnvy goup factor that makes it

trlplet fields X (3,1) and & (3,0) InFF possible for the entire factor

O g—i— Higgs K Ky to be greater than |

I~

b = ¢O_* ¢—(})_ 7 A = X~ é-O cos . | (mixing required)
¢ ¢ _ _ h ; smﬂcosa— dgos (3 sin «
—> X § suppressed by & sin i

SU(Z)L < HY Masino sin Bsin o + %cos,é’cosa
transformed under SU(2).xSU(2)r as

sin 3

2
SU( )R HY ins cot B 0 gauge-phobic

O—->U.,dUrtT and A - UL A Ugrt H? 0 \ Kw = _cos3ﬁ and Kz = 23§ﬂ quark-phobic
with UL,R = eXp(| eL,P&‘F’l Ta) and Ta bemg correspondlng ns = +1 for up-type qu‘é(ks and —1 forﬁ{);vn-type quarks and charged leptons.

SU(2) generators. independent of &

>

» With SU(2).xSU(2)r-symmetric Higgs potential and vacuum
alignment, GM model preserves custodial symmetry, allows a
large va, and possibly has hVV couplings stronger than SM’s.

* There is an [approximate] mass degeneracy in each of the 3-
plet, and 5-plet Higgs representations.

* For large va, VBF processes are useful for searching for
exotic GM Higgs bosons, verifying their mass spectrum, and
extracting hVV couplings.




Higgs Boson Production Cross Sections in
the complex MSSM

Precision calculations in the Higgs sector of the g Heinemeyer
. complex MSSM: Towards the LC precision

S. Heinemeyer

René;rmalization status: Experiment.

— LC precision requires all calculations at the per-cent level

ATLAS: M7 =125.36 £0.3740.18 GeV

— full complex MSSM renormalized

[A. Bharucha, T. Fritzsche, T. Hahn, S.H., F.v.d. Pahlen, H. Rzehak, C. Schappacher '11 - '13] CMS: MEXD =125.034+0.27 £0.15 GeV

— stable and well behaved results over nearly complete parameter space combined: MEXD = 125.09 i0.21 iO.ll GeV

— available as FeynArts model file

[T. Fritzsche, T. Hahn, S.H., F. v.d. Pahlen, H. Rzehak, C. Schappacher '13]

Theory:
SME™ ~ 3 Gev

— full one-loop calculations possible with FeynArts/FormCalc/LoopTools

o/t cre- s 7 o /fb ete” = hyy I x 1072/GeV h = X%

0.12 : . .
250 — . ; : - 006 T "

0-1'F 0.05 |

ete—>vh o h—>%0x0

0.02

0.01

tree
full
O 1

500 1000 2000 2500 3000 1000 1500 2000 2500 3000 600 800 1000 1200 1400 1600
Vs Vs My




Status and prospects for BSM ( (N)MSSM ) P Casado
Higgs searches at the LHC

19.7 o' (8 TeV)

mObs-,hCOUP"ngS[KV,Ku,Kd] |:|Obs H— ZZ— 41, Il qq/bb/vv @_60_|||| LI L LY L L L L L L L L L L L O ey
------ Exp. oo Bxp % [ === Median expected exclusion i = ) CMS
] Obs., AH-w [ ] Obs., H—>WW- Iv qg/lv - i ] = i
_______ Exp -=-----. Exp. 50+ Observed exclusion 95% CL — - pp H(b)H'
[ ] obs., A> Zh— I’y bb : g::_" H= [ === Observed +1c theory E H'—t'v, final states:
------- Exp. - L ) - - T, +jets
= ' | T 40 Opserved o heory ] H'—>tb final states:
30 - L i 10 MSSM m —
20 | 301 J-Ldt =195fb" B B —=- Observed '
L ’- : *‘\“‘-'r'_—tmed—.. -
205 \/s=8 TeV p i 8% Expected median = 1o
(s=7 TeV, 4.5-47 o - A ixmg:uct - :2?::? =20
=8 TeV, 19.5-20.3 b’ - e i hesm
Vs=8 TeV, 19.5 0_3 P ’ 10 MSSM my®* scenario L miSSM 1253 GeV
hMSSM, 95% CL limits C .
_llll[Illlllllllllllllllllllllllllllllll -_‘_Alllllllllllullllllll
D S ——— 80 90 100 110 120 130 140 150 160 J00 250 300 350 400 450 500 550 600
200 250 300 350 400 450 500
M, [GeV] m,,. [GeV] m,. [GeV]
Conclusions

- No evidence for BSM Higgs yet.
- Current searches constrain large parts of parameter space

— T here are still many things to do be done, and many
searches that are still starting up.

— Expect that this will continue to be a hot area inNn Run-II.

- For the coming months expect early results im high mass
searches.

- For Moriond, search of intermediate-high mass Higgs
bosons with full 2015 dataset.

- For summer, update with searches sensitive to additional
data collected IN 2016.

| ZOI



summary

Higgs analyses at both ILC and CLIC are continuously being
updated and improved, some interesting new analyses have
started

complementarity between ILC and circular colliders has been
better understood

the pattern of Higgs coupling deviations can not only
discover indirectly new particles, but also fingerprint
different models of new physics

effort of precision theoretical calculations is ongoing and
certainly needed to match the experimental precisions

LHC searches of extra Higgs bosons already constrain large
parameter space; would be nice to have studies of similar
search at LCs




