The Higgs Bottom Line of Run Il

Tilman Plehn

Universitat Heidelberg

Lund, October 2019




1— Higgs couplings ::})>‘ ,,,,,,, v

How the LHC became a precision Higgs machine

— assume: narrow CP-even scalar b
Standard Model operators > e
— Lagrangian like non-linear symmetry breaking )

£ = Low+ Bw gmwH W*W, + Bz S2-mzH 2°Z, — 37 & "L H (Ta + he)
v bt

H H
+ AgFg v G G"” + AL Fp v A, A" + invisible + unobservable

g9 — H H— ZzZ
g9 — H+j (boosted) H— Www
— H* (off-shell H — bb
gg - q_qH( ) - Grxx = gFS&X (1 +4x) - H— 1"
g9 — ttH H — ~y

qq’ — VH H — invisible




1— Higgs couplings ::})>‘ 7777777 Wz
How the LHC became a precision Higgs machine

— assume: narrow CP-even scalar ot
Standard Model operators D> MZ
— Lagrangian like non-linear symmetry breaking
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+ AgFg " G G"" + AL Fa m A A" + invisible + unobservable

Brilliant Run | analyses, but issues...  [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch (2015)]

1 renormalizability broken L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb', 68% CL: ATLAS + CMS
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2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of HIggS Operators [renormalizable, #1 solved]
Ogg = ¢ ¢G, G Oww = ¢ W W ¢ Opg=---
Osw = ¢ B, W ¢ Ow = (D, )" W"" (D, ¢) Op=---

001 =(Dut) 69 (0°0) Op2= 50" (616) 0 (616) Ous= 5 (o10)°




2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of HIggS Operators [renormalizable, #1 solved]
Oge = ¢'¢GZ, G Oww = o'W, W' ¢ Opg=---
Oaw = 6B W ¢ Ow = (D) W"" (D, ¢) Og=---
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— actual basis after equation of motion, field re-definition, integration by parts
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2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of HIggS Operators [renormalizable, #1 solved]
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Osw = ¢' B, W' ¢ Ow = (D, )" W"" (D, ¢) Op=---
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— actual basis after equation of motion, field re-definition, integration by parts
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— Higgs couplings to SM particles  (derivatives = momentum, #2 solved]
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D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of HIggS Operators [renormalizable, #1 solved]
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gV fg fBB fWW fB fW fd) 2
—= 0O, — O —0 —O — 0O =0
ar A2066 T 77O+ 5 Oww + 1508+ 50w+ -5 052

Higgs couplings to SM particles [derivatives = momentum, #2 solved]
Lps = gy HwaGa’W + gy HALL AN
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plus Yukawa structure 7. p ;
7 A-like coupling modifications plus 4 new Lorentz structures




2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of HIggS Operators [renormalizable, #1 solved]

Oge = ¢'¢GZ, G Oww = o'W, W' ¢ Ogg ="
Osw = ¢' B, W' ¢ Ow = (Du$) W"" (D, ¢) Op =
1 1 3
_ T T Iz — _ gt t T _ _ T
Ou1 = (Dud) 00" (D"6) Opz= 30" (¢70) 0. (¢'6) Osa= 3 (¢70)
Improved Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch (2015)]
— kinematics: pr v, Agj 2 solved - 1
%1027 — SM Higgs
EVE fy/ A=/ A’=20Te V>
& Fon/ A=/ A’=-20Te V>
|
10 n‘/S 21‘5/3 m

AP




2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Troti]

— set of HIggS Operators [renormalizable, #1 solved]
Oge = ¢'¢GZ, G Oww = o'W, W' ¢ Opg=---
Opw = ¢' B, W ¢ Ow = (Due) ' W" (D, ¢) Og="---
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Improved Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch (2015)]

— kinematics: pr v, A #2solved]
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2— Effective Higgs operators

D6 Lagrangian  [SMEFT; review Brivio & Trott]

— set of nggs operators  [renormalizable, #1 solved]

Ogg = ¢ ¢GZ, G* Oww = ¢ W, W ¢ Opg =+ -+
Oaw = ¢' B, W ¢ Ow = (D, ¢)! W"* (D, ) Op= -

Op1 = (Dued) ¢ 9" (D*9) Oy

20" (616) 0 (66) Oua= 5 (o10)’

ImprOVed Run | Iegacy [Corbett, Eboli, Goncalves, Gonzalez-Fraile, TP, Rauch (2015)]

— kinematics: pr v, Agj;  [#2 solved]

— key observable L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb™!, 68% CL: ATLAS + CMS
fIA, AN 1A%, AN
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3— Effective Higgs-gauge operators

Higgs-GoIdstone doublets [Falkowski etal; Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch (2016)]
— one more operator for TGV [#3 solved]
Ow = (D.¢)' W*" (D, ¢) Owww= TI’(WWWVPW";)

— kinematics: pr ¢ in VV production



3— Effective Higgs-gauge operators

Higgs-Goldstone doublets [Falkowski etal; Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch (2016)]
— one more operator for TGV [#3 solved]
Ow = (D.¢)' W*" (D, ¢) Owww= TI’(WWWVPW";)

— kinematics: pr ¢ in VV production
— smoothing correlations
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3— Effective Higgs-gauge operators

Higgs-Goldstone doublets [Falkowski etal; Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch (2016)]

— one more operator for TGV [#3 solved]
Ow = (Do) W (D,¢) -+ Owww=Tr (W,“, we Wg)
— kinematics: pr ¢ in VV production
— smoothing correlations
= Higgs-gauge analysis at Run Il siekstter, Corbett, TP (2018)]
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3— Effective Higgs-gauge operators

Higgs—GoIdstone doublets [Falkowski etal; Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch (2016)]
— one more operator for TGV [#3 solved]
Ow = (Dud) W (Dye) -+ Owww=Tr (W, W W)

— kinematics: pr ¢ in VV production
— smoothing correlations
= Higgs-gauge analysis at Run Il  [Biekstter, Corbett, TP (2018)]

LHC VS LEP [Grojean, Montull, Riembau; Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch (2016)]

— ftriple vertices g4, x, A vs gauge-invariant operators
— generic EFT feature:

. o o 40r
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4— Electroweak fermion couplings

After beating LEP once... [Biekstter, Corbett, TP (2018); also Alves etal]

— gauge-fermion operators visible  [zhang; Bagiio, Dawson, Lewis]

< PE <, -
04 =o' Dud(lin"L)  OL) =o' Dud(Erin"ens) OF) =o' Dho(Lin*oaly)
1 _ M _ ©®) _
o= oy = ol =...
P _ _
Ogl),d = " D, ¢(Ug,iv" dr,i) OSL), = O = (Livple) (L2v"Ly)

— bosonic operators bounded by EWPD
Op1 = (Du0)" ¢0" (D"0) Osw = ¢' B, W' ¢



4— Electroweak fermion couplings

After beating LEP once... [Biekstter, Corbett, TP (2018); also Alves etal]

— gauge-fermion operators visible  [zhang; Bagiio, Dawson, Lewis]

o) =" Dol L)  OY)=¢'Bup@rinten) OF =o' Dholin"oaly)

oy = o= o) -

Ogl),d = $T8u¢(aﬁ,i’}’udﬁ‘,i) OSL), = Ot = (Livule) (Ly*Ly)
— bosonic operators bounded by EWPD

Oyt = (Dud)" do" (D*9) Opw = ¢' B, W ¢

— after equations of motions, etc
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4— Electroweak fermion couplings

After beating LEP once... [Biekatter, Corbett, TP (2018); also Alves etal]
— after equations of motions, etc

agV f feB fow fa fw
Lot = — SS AQZOGG-I- OBB+ Oww+ﬁ(93+ﬁ
my f; f f f
+27f/\*f20f+ ¢10¢1+ 2 Opw + i OLLLL
bt

f(1) (1) (1) (1) (3)

M (1) Pu »(1) (1) (3)
+ 20 +,\2Od>d+/\zo +ﬁ0 +ﬁo¢o

Side remark: being tricked by LHC kinematics

— myzy perfect, exotics search to 1.2 TeV

— scale hierarchy 05;3 — JqgqzH VS Ow — gzzn broken by 4-point vertex
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5— More effective couplings

Ubiquitous QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling 10* . : - -

N 10° A —5Tev
O = s fanc G5, Gy Gz,

— multi-jet production  [black hole search]

4-fermion operator for Ngts = 2,3
gluon operator for Nigis > 5

Events per bin
=
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5— More effective couplings

Ubiquitous QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling g 10

Og = gs fane Gl Gpx G?p % 182 -
— multi-jet production  [black hole search] g 10! i

4-fermion operator for Nigts = 2,3 = 1;03 T s
gluon operator for Nigis > 5 10-2 [ v |
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Ubiquitous QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling g 10 . : - -
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— multi-jet production  [black hole search] g 10' | j
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5— More effective couplings

Ubiquitous QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling £ 10'F " " " " ]
£ —
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— multi-jet production  [black hole search] g 10
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5— More effective couplings

Ubiquitous QCD operator  [simmons etal; Dixon etal; TR, Krauss, Kuttimalai]
— anomalous gluon coupling
Oc = Gs fabc G5, Gix G:\p
— multi-jet production  [black hole search]

4-fermion operator for Nigts = 2,3
gluon operator for Nigis > 5

— input to Higgs analysis A/fg > 5.2 TeV

Combined Run Il analysis [siekstter, Corbett, TP]

— including LHC and EWPD

— quote multi-jet a2 LHCRun+ 11 + EWPD AN BR
: —— B
— quote tops (Scots) MYl — esxct frevl o

— 95%CL 50

Ll Ul =1

10| Spicter 10
0.3
LR L AL L L L A G Pa Pa O Pa Po Qo 4 00
& lb % b % x,,’z; § 7% .r’,,m(iomsm%m\fms, a,fz?. %




5— More effective couplings

[Tev—7)

o/

Totally combined Run Il analysis [srivio etal

— including Higgs—gauge sector and top sector
— interesting physics of four-fermion operators
= closing in on SMEFT fit

EWPD + LHC Run I + II, 95% C.L.

1 Global Fit Higgs + EWPD + diboson [1812.07587]

3
| Global Fit Top sector [1910.03606]
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Symmetries of the effective Lagrangian

Recap: Cand Pand T and T
— transformations on state with spin/momentum [review: valencia]
Clo(p,s)) = [67(p,8)) Plo(p.s)) = ng|¢(—p,s)) TIs(p,s)) = (¢(—p, —$)|
CPT symmetry generally assumed, T proxy for CP
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— genuine U-odd is what we want [u = ¢, P, T, Awood, Bar-Shalom, Eilam]
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Symmetries of the effective Lagrangian

Recap: Cand Pand T and T
— transformations on state with spin/momentum [review: valencia]
Cle(p,s)) = |¢"(p,s)) Plo(p,s)) = ng lo(=p,8))  Tlo(p,s)) = (d(—p, —5)|

CPT symmetry generally assumed, T proxy for CP
— genuine U-odd is what we want [u = ¢, P, T, Awood, Bar-Shalom, Eilam]

<O>L:ULU*1 =0.
U-odd is what we usually get, but genuine U-odd under conditions

oWy = UIN)E —o(liy —1n) M"Y 0y, L =0

— naive time reversal T avoiding inital <> final state
Tlé(p. 5)) = |$(—p, —5))
genuine T-odd observable implies CP-violating theory, provided

1- phase space T-symmetric R
2- initial state distribution invariant under T
3- no re-scattering, means no imaginary parts




Two ways to test CP at the LHC

Identical amplitudes with O, 4,

q q

q q

— four 4-momenta defining 10+1 observables Han, Li...]

four external masses .

four C-even, P-even, and T-even scalar products

two C-odd, P-even, and T-even scalar products

one C-even, P-odd, and T-odd observable with Levi-Civita-tensor
1- CP-odd and T-odd A

for symmetric initial state also genuine CP-odd and genuine T-odd

non-zero expectation value means CP violation
2— CP-odd and T-even [for our LHCb friends]

for symmetric initial state also genuine CP-odd

for CP-violating theory, CP-expectation value non-zero

but without re-scattering, ?’-expectation value zero

need complex phase for (O) to match symmetry

= so: single CP-odd and T-odd observable or kinematic analysis?




Quantifying available information

Information geometry for LHC  [Brehmer, Cranmer, Kiing, TP (2017)]
— covariance matrix [measurement error in model space g]
Ci(9) = E[(&i — 3)(& — 9)|g]
Fisher information (sensitvity in model space]

2
A [a log f(x|g@) g}

ag; 9g;
Crameér-Rao bound defining best measurement  fowest possible covariance]
—1
Ci(9) = (I );(9)
— computable over phase space [phase space x, additive]

2 (1)
L 80 9o LJE[a log f (x|g)}

17 o g og ag; dg;



Quantifying available information

Information geometry for LHC  [Brehmer, Cranmer, Kiing, TP (2017)]

— covariance matrix [measurement error in model space g]
Ci(9) = E[(&i — 3)(& — 9)|g]
— Fisher information [sensitivity in model space]
82 log f(x|g
g = £ | L 291X9) g
0g; 9g;

— Crameér-Rao bound defining best measurement  fowest possible covariance]

Ci(@) = (1" (@)
— computable over phase space [phase space x, additive]
yoL2000 g [762 log fm(x'g)}
o 0g; 9g; 9g; 9gj
1— parametrization-invariant elipses of constant distance/reach in model space
2— diagonalize /j;, define model-space eigenvectors
3— compute information in distributions or phase space regions

= tool to compare anaIySiS ideas [MadMiner: Brehmer, Granmer, Kiing]




WBF production

Testing CP in WBF

— four external 4-momenta — 10 scalar products
one C-even, P-odd, T-odd ean
cuvpo K kg G G5 = O =euvpo k' Ky af G5 sign[(ki — k2) - (G1 — G2)]
— azimuthal angle difference [iab rame]

O=2E_ (G- xGy)-ky — sinAg;

— CP asymmetry
0.10 s
any, = YBG) —do(=Ady) .
T do(Ady) + do(—Agy) 005
— difference from dimension-6 kinematics )
% 0.00
i
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WBF production

Testing CP in WBF
— four external 4-momenta — 10 scalar products
one C-even, P-odd, T-odd ean
euvpo K" K3 7 G5 = O = euupo k' k3 a7 G5 sign[(ki — k2) - (@1 — G2)]
— azimuthal angle difference [iab rame]
O=2E_ (G- xGy)-ky — sinAg;

— CP asymmetry
R _ do(Agy) — do(—Adj)
2% T do(Agy) + do(—Agy) 005

— difference from dimension-6 kinematics v
— check with imaginary Wilson coefficients § 0.00
= testing CP, but assuming no re-scattering £

-0.10

-0.10 —0.05 0.00 0.10

FuaVIN?




ZH production

Testing CP in ZH production

— same 10 scalar products
one CP-odd and T-odd angle as for WBF

O1 = euvpo ki'k3'q) q;— sign((ki — ko) - (1 — @2))  —  sinAgye

— CP asymmetry as for WBF
a _ do(Adee) — do(—Adye)
Dby = do‘(Ad)M) —+ dU(—A¢u) 0.75
— difference from dimension-6 kinematics 0.50

= testing CP without assumtions fto leading order]
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ZH production

Testing CP in ZH production
— same 10 scalar products
one CP-odd and T-odd angle as for WBF
O1 = euvpo ki'k3'q) q;— sign((ki — ko) - (1 — @2))  —  sinAgye
— CP asymmetry as for WBF

a _ do(Adee) — do(—Adye)
A2 = 4o (Ddee) + do(—Adur)

— difference from dimension-6 kinematics

= testing CP without assumtions fto leading order]

Testing CP in H — 4/ decays

— same 10 scalar products

momentum flow limited by my

reach for CP-even operators shit [Brehmer, Cranmer, Kling, TP (2016)]
— even showing plots is waste of time

= what'’s the point...




Outcome: comparison of CP tests

L =100 fb~?
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Questions

Theory contribution to bottom-up precision physics at the LHC

Is it really the Standard Model Higgs?  inol
Is there WIMP dark matter? yes]
Is there TeV-scale physics beyond the Standard Model?  yes)
Are EFT analyses un-inspired? [totally]
Are there nice theory aspects to work on?  (plenty]
Are there nice statistics aspects to work on?  [aways]
Will | stop doing EFT once we find new physics?  (definitely]
= Welcome to a data-driven eral




EFT musings

Ideal LEP and flavor worlds
— unique EFT Lagrangian: linear realization matching unbroken phase

— chain of well separated energy scales E < A{ < ... < Ay
= systematic expansion in E//\ and o [example: ew precision data]

Rotten LHC world [Brehmer, Freitas, Lopez-Val, TP]

— range of (partonic) energy scales [H-ets production]
— electroweak symmetry breaking at v ~ Ej ¢
— low precision, reach from energy

o x BR
(o x BR)gy

2m2 o
1|=L~t0% £ Ax 400 Gev

=- D8 operators not obviously suppressed

Task for LHC theory

— develop a working D6 framework

keep theorist’s self respect

— remember we really care about UV models
truncation uncertainties as matching uncertainties




	Higgs EFT
	Higgs-TGV EFT
	Higgs-EW EFT
	Higgs-LHC EFT
	CP symmetry
	Information

