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What do we know about Higgs potential
in Bottom-up approach?
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We want to reconstruct
the global picture
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An interesting physics still allowed is baryogenesis based on
e.g. 15t order EW-phase transition



Cubic coupling

HH production via gluon fusion is the best channel

— Negatively Interfere —
& g m @14 TeV
g o000
X BR
m? Very small
~ 3 signal rate

e.g. bbyy (0.264%)
Threshold region = big backgrounds



Nothing to discuss about Higgs self coupling using current data

Cubic coupling @ HL LHC using 3000/fb A.(\;‘?"\\'b/my o P

v’ Very tough process Expected yields (3000 o 1) | Total | Barrel | End-cap
Q'\mphc

b b)/]/ (0_ 2 64%) H(bb)H(yy)(A]Aspr = 1) 8.4x0.1 | 6720.1 1.820.1

H(bb)H(yy)(A/ A5 = 0) 13.7£0.2 [ 10.70.2 | 3.1=0.1

Seems to be the best channel so far H(bb)H(yy)(A/ A5 = 2) 46+0.1 3701 09:0.1

H(bb)H(yy)(A/Asp = 10) | 36.2+0.8 | 27.9+0.7 | 8.2+0.4

We would see only ~ 10 events by the end of HL LHC | | ?2vr 9.7+L.5 | 5.2xl.1| 45x1.0

ctyy 7.0+1.2 | 4109 | 2.9+0.8

bby j 8.4+04 | 43202 | 4.1x0.2

bbjj 1.3+0.2 | 0.9+0.1 | 0.4+0.1

jivy 74+18 | 52+1.5| 2.2+1.0

17(= 1 lepton) 0.2+0.1 | 0.120.1 | 0.1x0.1

1ty 32422 | 1.6x1.6| 1.6x1.6

ttH(yy) 6.1+0.5 | 4.9+04 | 1.2x0.2

Z(bb)H(yy) 2.7+0.1 | 1.9+0.1 | 0.8+0.1

hhH (330) 12401 10011 03201

Total Background 47.1+£3.5 | 29.1£2.7 | 18.0+2.3

S/VBA/Asy = 1) 1.2 1.2 0.4

--—- Exp. 95% CLs
[ =
[+2¢c
c 1 I 1 1 1 l 1 1 1 ] 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 I

Projected limit on the total HH yield (events)

Similarly for bbyy, bbt* 1~ by CMS

CMS FTR-15-002-pas



Nothing to discuss about Higgs self coupling using current data
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Cubic coupling @ HL LHC using 3000/fb oy
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Cubic coupling @ 100 TeV pp colliderusing 30/ab

v' bbyy becomes Golden channel at 100 TeV pp collider

Barr, Dolan, Englert, Lima, M.Spannowsky 15’

40 X enhanced xsec due to PDF Contino, Azatov, Panico, SON 15’
H. He, J.Ren, W. Yao 16’

Physics at 100 TeV

Contino, Panico, Papaefstathiou, Selvaggi, SON
in progress

~ 3.4 % is possible with 30 ab™1!

Physics at 100 TeV, arXiv:1606.09408

v ILCviaVBFat1TeV5ab™! ~10% v" CLIC, 3TeV via VBF

" < ILC TDR e.g. ~20% for unpolarized,
¢ \{” 12% for polarized with 2/ab
H < Snowmass 1307.5288
; . Contino, Grojean, Pappadopulo, Rattazzi, Thamm 1309.7038
H
e— T v




Other “complementary” processes

for Higgs self coupling

Double Higgsstrahlung
“H

DHS@threshold giyas ~ O(1) determination of Ay
ILC TDR

DHS alone at ILC gives only O(1) determination of HHH
e.g. ~70% at 500 GeV/1TeV

Contino, Grojean, Pappadopulo, Rattazzi, Thamm 1309.7038

ttHH

+ many other loop-induced process/theoretical bounds/EWPM

for Higgs self coupling



How much can we improve further @ HL LHC?

Combined Analysis of various channels

CMS PAS FTR-15-002
Kim, Sakaki, SON to appear soon

bbyy bbttt~
0.264% 7.35%

> ThTh :Full hadronic  (44.4%)
28 X ThT :Semileptonic (39.8 %)

« bbt*t~ inmost theory literature was significantly overestimated
e bbt*T™ canbe at best comparable with bbyy (combining makes sense)



How much can we improve further @ HL LHC?

Combined Analysis of various channels

bEyy

0.264%

bbttt™

»
>

28 X

7.35%

CMS PAS FTR-15-002

Kim, Sakaki, SON to appear soon

ThTh : Full hadronic  (44.4%)
ThTy :Semileptonic (39.8 %)

« bbt*t~ inmost theory literature was significantly overestimated
e bbt*T™ canbe at best comparable with bbyy (combining makes sense)

Preliminary
0.30 T T T T T
—— bbyy + bbrr (MVA)
0o5f Vs=14TeV  ---=bbyy + bbr7 (Cut)
L£=3000fb-1 —— bbyy (MVA)
—— bbrr (MVA)
0.20} ==== bbyy (Cut)

probability
o
o

=-=== bbrt (Cut)

Degeneracy can be broken by differential my,; analysis

Vita, Grojean, Panico, Riembau, Vantalon 1704.01953

1
analysis significance " allgwed region on c3
0oys =0 Ogs = 0.1 |} 68% CL 95% CL
bbyy (cut-based) 1.3 1.1 100.2,2.9]U[4.2,6.9] [-0.7,7.7]
bbrT (cut-based) 1.0 0.8 |[[0.0,3.6]1U[4.6,8.2] [—1.4,9.7]
bbyy (MVA) 2.0 1.9  [1[0.2,2.6]U[4.7,7.1] [-0.3,7.6]
bbrr (MVA) 1.7 1.4 |}0.1,2.9]U[5.0,7.8] [-0.5,8.3]
combined (MVA) 2.6 2.4 1l
]
L

0.2,2.4]1U[5.1,7.2] [0.0,7.5]



How much can we improve further @ HL LHC?

Combined Analysis of various channels

0.30

0.25}

probability
© o
a3

o
e
o

ThTh : Full hadronic
ThT1 :Semi leptonic (39.8 %)

(44.4%)

CMS PAS FTR-15-002
Kim, Sakaki, SON to appear soon

Has a good sensitivity on the
negative deviation

: Any interesting New Physics scenario?

bbyy bbttt~
0.264% 7.35%
28 X
Preliminary
' ' _— bblyy + bb’r‘; (MVA) l
Vs=14TeV  ---- bbyy + bbrr (Cut)
£=3000fb~! —— bbyy (MVA)
—— bbrr MVA)

==== bbyy (Cut)
=-=== bbrt (Cut)

- -
- - -

analysis

allgwed region on c3

68% CL 95% CL

bbyy (cut-based)

bbrT (cut-based)
bbyy (MVA)
bbrT (MVA)

combined (MVA)

significance
Osys =0 Ogys = 0.1
1.3 1.1
1.0 0.8
2.0 1.9
1.7 1.4
2.6 2.4

[0.2,2.9]1U[4.2,6.9] [-0.7,7.7]
[0.0,3.6]}U[4.6,8.2] [—1.4,9.7]
[0.2,2.6]}J[4.7,7.1] [-0.3,7.6]
0.1,2.9] U [5.0,7.8] [-0.5,8.3]
[

0.2,2.4]1U[5.1,7.2] [0.0,7.5]



probability

Baryon asymmetry via

st 11 100""I""l""l""l""l""
Strong 1%t order phase transition i I o Jain, Lee, SON 17’
A | Prescription A
golcan be testedat = can be tested at .,-': 1
. LILC, 100 TeV HL LHC
L 60 . 1
T=T. 4 I .. ' Effective Field Theory with
= 'Q. ..- 2 n
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- re |nlq|nary' | | | A3/ 5u1
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0o5f Vs=14TeV  ---=bbyy + bbr7 (Cut)
' £=3000 fb~! —— bbyy (MVA)
—— bbrr MVA)
0.20f ---= bbyy (Cut)
-=== bbrr (Cut) L
0.15 analysis significance " allgwed region on c3
s =0 64 =0.1 |1  68% CL 95% CL
e bbyy (cut-based) 1.3 1.1 [[I0.2,2.9]U[4.2,6.9] [-0.7,7.7]
005t bbrT (cut-based) 1.0 0.8 |10.0,3.6]{U[4.6,8.2] [—1.4,9.7]
bbyy (MVA) 2.0 1.9  |10.2,2.6][4.7,7.1] [-0.3,7.6]
0.00EL s ; - : s bbrr (MVA) 1.7 1.4 |}i[0.1,2.9]U[5.0,7.8] [-0.5,8.3]
1 combined (MVA) || 2.6 24 |10.2,2.4]U[5.1,7.2] [0.0,7.5]
C3=""/1sm . !



How much can we improve further @ HL LHC?

Combined Analysis of various channels

1. Machine learning seemsto improve b, ¢, T-taggings against QCD-jets
2. Prompt b, c-tagging vs merged b, c-jets (from g — bb, c¢ splitting)

3. Machine learning applied to the analysis itself
4

Parametrize precision of c3 as a function of any “improvable” parameters

— future perspective . .
Similar strategy to Physics at 100 TeV, arXiv:1606.09408
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What if multiple components gets improved?

We take an optimisticscenario previously
Eb—>b - 0'7'EC—>b - 03, Ej—>b - 0015

€7 = 0.5,¢;,,, =0.048

Eb—>b - 0'8’EC—)b == 02, Ej—)b == 0015

€»r = 0.7,¢,,, = 0.01 J
25% of reduced width of m,,, **} — our simulation
o S
For recent improvements on b, T-tagging g
CMS PAS TAU-16-002 3 03
ATL-PHYS-PUB-2017-013 B 02
0020 122 124 126 128 130
m,, [GeV]
N e
A _ L |
Q(e\\\ analysis significance allowed r¢gion on c3 [
dsys = 0 Ogys = 0.1 68% CL : 95% CL "
I 1
combined (MVA) I I —ew
bench mark 4.0 3.4 [0.4,2.0] U [5.7,7.2] i [—0.1,3.2) U [4.4,7.7] i P :%“
J gﬂ- (m):,
Kim, Sakaki, SON to appear soon Too g R
Compare with the sensitivity with the previous tagging effs. N

combined (MVA) | 2.6 24 | [0.2,2.4]U[5.1,7.2] [0.0,7.5]




Quartic couplingA, @ 100 TeV

- = __ BR=646%
hhh — bbbbt™t
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v'If we observe cubic ~ O0(1) @ HL LHC or 100
TeV, then quartic from 100 TeV is very useful What if we observe

a large k3 at HL LHC?



Quartic couplingA, @ 100 TeV
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v'If these plots are true, these illustrate the
power of combining channels in EFT approach What if we observe
a large k3 at HL LHC?

: Different channel is sensitive to different region



Anomalous Higgs Coupling

In the Effective Field Theory Approach

Azatov, Contino, Panico, SON, 1502.00539

Also see
Goertz, Papaefstathiou, Yang, Zurita 1410.3471
Vita, Grojean, Panico, Riembau, Vantalon 1704.01953



SM Effective Field Theory

Widely separated two scales, or seemingly un-natural
hierarchy offers a remarkable bonus

E Il Stole text from the talk by Rattazzi
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Skruckural F:»L&Eure
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Interaction scale

of EFT

Racco, Wulzer, Zwirner 15’
Contino, Falkowski, Goertz, Grojean, Riva 16’



Structural picture of EFT
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E
o il

Interaction scale

: the only scale accessible to
a low-E observer

Typical interaction in EFT is
controlled bj the effective coupling,

m,

E
g(E)=7 < 7 =g,

Racco, Wulzer, Zwirner 15’
Contino, Falkowski, Goertz, Grojean, Riva 16’



Structural picture of EFT

Racco, Wulzer, Zwirner 15’
Contino, Falkowski, Goertz, Grojean, Riva 16’
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Umiéariﬁv violakion in EFT

SM
gZs

> — const. as s >
S —m?

Ayy X

SM

2 2
S S
s -2 10
N m2 m#

SM SM What f our collider was not strong
enough to produce m, ?
. S
]« quFT"’f_z — 00 38 § > ©
SM SM

tea| =
~
*

E-growing vs. Validity of EFT

Early new physics hint in EFT approach relies on the E-growing feature due to decent S/+/B.
However, this benefit should cut off at a certain energy scale, E < m,



UME,Em"iEv violakion in EFT

SM
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giS
S — m?2

2 2
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at f our collider was not strong
1 ough to proc\u,ce_ m, ?
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‘AEFT"’f_Z — 00 as § > ©
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Basis in the unitary gauge

Adding spin-0, custodial singlet Higgs field in SU(2) XU (1) invariant way
* Higgsis not necessarily SU(2) doublet (more generic)

* Coefficientsin OH, 1H, 2H etc are not necessarily related

* It canaccommodate large deviations of couplings, e.g. HHH

* Derivative expansion

2 -t L2 h h*
L= (mW%W ”+§mzZMZ”) 1+2a—-+b —+-

v v?
_ [ h h? \ _
—mt; tp| 1+ ¢, > + ¢y ") + .- | + h.c. + other fermions
\
a h ¢y, h*
) Cg—-l-ﬂ— GﬁlvGauv
[ v 2 v?

1 2 1 1 (3 m? 1 (3 m?
21,2 h 3 h 4
+E(0uh) —Emhh —C3§< . >h —C4z< 1]2 )h + -




Higgs Doublet basis

 Assume that we are in the vicinity of SM point

: very special since theory stays weakly-coupled up to very high scales
 Expandin terms of Higgs doublet in addition to derivative expansion

Hzein/v( 0 )

v+h
LZLSM @ AL8+
“le C gs
u — S
ALg D 2 — 0,|H|*0*|H|* + zyquHuRlHIZ 22 2|H|6 gW |H|*G,, G*

Matches to "basisin the unitary basis’”’ up to resuming over Higgs powers
and expanding interms of h

* Higgs couplings inthe previous slide are correlated,

e.g. atthe level of dim-6 ops.

1 1. 3. 3. . (an
=1-gCy—C, u=0-5C—5C, G=1+C—oC G ==\~




Power counting/NDA estimate

: NDA sizes of coefficients depend on assumptions on the nature of Higgs sector

New Physics is broadly characterized by

one coupling g, and one scale m, ACV,I/),HHH gfvz
associated with new states. Higgs as pGB ~0 m2 ~0
%

Csm
: known as SILH

Giudice, Grojean, Pomarol, Rattazzi JHEP 0706 (2007) 045

An O(1) deviation of HHH coupling while being consistent with the
single Higgs data ?

-3 Modify power counting rules

Non-pGB Higgs ACunn Acy y,
. CHHH Csm
Higgs Portal e.g AH|20

R/

+* Similar power counting for weakly coupled BSM scenarios

Important to keep broad approaches to cover all possibilities in future searches



Oy K 0y possible

Higgs : pﬁ

Azatov, Contino, Panico, Son 15’

E.g.

Generic composite state: tuned ...

— NO supurion suppression.

2 2
———  Enhancement by g _ 9
9er Ay

2 42 2
com (&) £ -5 (%)

Higgs po rtal (to strongly coupled sector)

L =21|H|?0

O characterized by {m,, g.}




Anomalous couplings of HH in the EFT approach via gg-HH

Ct €3, 2 )2 Ct
e my ., m;
--ee<l ~ —Z]ogZ— r ~ const
\s‘~ S Ct
. T ———L - ===+
’
L4 I‘ "
C C ”’ CztO' l'
g “3,s - €2
----(\ . - g
~ e .
. *s ‘\
-~ -
7 A
, Mg S
~ const ~ log=— ~ 2
S

Azatov, Contino, Panico, Son arXiv:1502.00539
In terms of Higgs doublet basis
1 1 3 3

(AT
Ctzl_EEH_EulCZtZO_EEH_ECuJ C3=1+C6—§EH; CQZCZQ:CQ(Q_Z)

v All diagrams have different energy-dependences

v' my;, = /5 isan important shape variable
v' Better sensitivity on ¢, from c,; (not from c;)



Decay vs 2-to-2 scattering

Sc ([ g.\*m4
~( ) m?

Csm Ism

Main focus of Run 1 Important item of Run 2

1. Anomalous couplings in SMEFT are 8,+/5 -dependent

do do
dVs ' dcosO’

v’ BSM effects are encoded in terms with different E-
dependence in scattering amplitudes



Decay vs 2-to-2 scattering

Sc ( 9. )zm%l
H Csm “gsm/ M3
Main focus of Run 1 Important item of Run 2
1. Anomalous couplings in SMEFT are 6,+/5 -dependent
Exclusive analysis do  do
dv's dcosO’
Exclusi lysis, e.g. binni )i . o
X¢ u-5|ve analsis, €.8 |nn|n'g Mo 15 v' BSM effects are encoded in terms with different E-
required to break degeneracies among . ) .
dependence in scattering amplitudes

various BSM coefficients and to isolate
various effects

do
dmpp,




BSM at high Mass/Energy

100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO

. T
Talk by J. Rojo, given at

V106

PDF luminosity ratio 100 TeV /1

10? 10° 10*

Future Circular Colliders Meeting, '5 ERN,

M, [ GeV ]
% :I TTT LI | TTTT I TTTT | TTTT | TTTT ‘ TTTT TTT I:
Bk hh via gluon fusion -~
(o]
Z107 =
10’35— 3
- 100 TeV :
104 =1
10% E
11 [ 1111 | L1l | L1 | 11 IMJ-I”-‘ "l

L
0 500 1000 1500 2000 2500 3000 3500 4000
m,, (GeV)
S —

Important item of Run 2

1. Anomalous couplings in SMEFT are 8,+/5 -dependent

do do
dVs ' dcosO’

v’ BSM effects are encoded in terms with different E-
dependence in scattering amplitudes

2. The higher E we reach (aslong asE < M 1),
the better sensitivity

v' A powerful benefit from 100 TeV pp collider
lies on the huge enhancement of cross
sections at the higher invariant mass



Capability of probing new physics scale

Signal (SM) | hh via gluon fusion

S
|

_|||||l|||||||||||||||||||||l|||||||||||:
- bbyy
] bbt*t~
B 1 bbbb
E ————— - - . i; ----- E -
>l ] =
2 QS
Elllll[lll L1yl ||1‘N|ll||ll[||llllll||>lz |’Q
50 10p0 [15p0 2000 2500 3000 3500 400 Q

o

(mhh)mm [GeV]

- 5 Events
© = BR(hh - X) xe5x3000 fb-1

Scale of process can be well constructed.
Imposing EFT cut is easy, e.g. includes only
events with E < M_;

Scale of process is NOT easily obtained due
to the neutrinos. Only conservative bound
might be possible

Scale of process can be extracted. Can reach
the highest new physics scale where QCD
background might be manageable.

Only beneficial to E-growing operator. Not
Higgs self coupling.

Jet substructure technique becomes useful

assuming 10 % signal efficiency



Anomalous couplingsin the unitary basis

Exclusive analysis at 100TeV pp collider
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v’ Exclusive analysis is more beneficial at 100 TeV
: due to more statistics
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Anomalous couplingsin the unitary basis
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HH process vs single H data
in Higgs doublet basis

All single H + HH
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v Double Higgs can compete with single Higgs data on

v Double Higgs excludes one of islands in Cg

Eu



v Uncertainty on Yukawa coupling affects the precision of HHH coupling
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Azatov, CoQtino, Panico, Son arXiv:1502.00539

v" Precision on HHH coupling depends on statistical treatment (uncertainty on top Yukawa
is correlated with precision of HHH coupling)




OK' Lek wme stop bullshitting ...




